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This report is the second volume of a two—vo lume final report

prepared under Contract No. FO86O6—74—C—OO11 for the period 1 July 1975
through 30 September 1976. The work reported on involved making modi-

f ications to the computer programs previously developed for use in
studying the atmospheric transport of the thermal radiation produced

by nuclear sources and in performing parametric studies with these

programs.

The POLO Monte Carlo procedure, which computes the transpor t of
thermal radiation from point sources through an altitude—dependent

atmosphere , was modified to utilize the gaseous absorption cross section

data for C02, H2O, O3~ N2O, CO , CH4, and 0
2 
that had been compiled by

McClatchey at the Air Force Geophysics Laboratory. The AFGL gaseous

absorption cross section data are available on magnetic tape for use
in POLO. The gaseous absorption cross section data have a resolution

of ~‘v = 20 cm~~ at 5 cm
’ spacing between 10 cm~~ and 13155 cm~~ . The

modified POLO procedure was used to compute direct transmission data

at a satellite for sources positioned within two model atmospheres

for comparison with data computed with the LOWTRAN3 code for the same

atmosphere. The good comparison obtained between the results of the

POLO and LOWTRAN calculations for the two different model atmospheres

verified that the c.~lculatIonal method used in POLO properly accounts

for gaseous absorption. In addition, POLO can be used to compute trans-

missions less than 0.001, which is the smallest value that can be

computed with use of the LOWTRAN3 procedure.

The POLO procedure was used to study the transmission of infra-

red radiation from point isotropic sources to satellite positions for

wavelengths between 2.6525 and 3.0030 ~.tm. The gaseous absorption in

that wavelength band is due principally to H
2
0 and CO

2
. The trans-

mission calculations were made with the POLO procedure for both a
tropical and a mid—latitude summer atmosphere. The satellite altitude
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was taken to be 35800 km and detectors were positioned at polar position
angles (polar angle between a radial through the source and a radial
through the satellite ’s position) of 0, 30, 60 , 78 , and 82 degrees.
The source altitudes considered were 0.1, 0.5, 2, 5, and 10 km. The

point isotropic source strength was taken to be one photon uniformly
distributed across the source wavelength interval. The detector filter

function was taken to be 1.0 for all wavelengths in the source wave—

length interval. From the results of the POLO calculations, it was

found that for source heights above 3 km the direct transmission for

the mid—latitude atmosphere was higher than that computed for the tropi-

cal atmosphere. For source heights below 3 km the direct transmission
for the mid—latitude atmosphere was less than that computed for the

tropical atmosphere. When the ground albedo was 0.0, the fraction of
the total transmittance contributed by atmospheric scattering was found

to increase with an increase in the satellite polar position angle and

with a decrease in the source altitude. When the ground albedo was 0.8,

the fraction of the total transmittance contributed by atmospheric

scattering and ground reflection decreases with an increase in the

satellite polar position angle for angles up to about 65° and then

increases with a further increase in the satellite polar position angle.

The POLO calculations show, for point sources emitting in the 2.7 t.~m

wavelength band, that the air—scattered and ground—reflected radiation

can be an important component of the radiation field measured by

satellite—borne sensors in that wavelength band.

The POLO procedure was used to study the effect of source aniso—

tropy on the time—dependent thermal radiation signal at satellite posi-

tions. The calculations were run for a satellite altitude of 20187 kin,

source altitudes of 0.5, 3, and 10 Ian and for several receiver look

angles between 00 and 90°. The sources were positioned in model atmo—

spheres having sea—level meteorological ranges of 3, 10, and 25 km.
The time—dependent transmission data generated with the POLO proced ure
was convoluted with source data generated with the RADFLO code for a

2—KT event and detector response data for a wide—band silicon detector.
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L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-
~ 

—- .~~ ~
.— --——-- — - — . -,—- . .‘ ... - . , ,— -— —---— —. _ __~~~~ — .  .-- - . .——

~- 
_ . __I,uI

~~

The POLY procedure was used in performing the convo lution calculations.

The times at which the power is one—half and one—tenth of that at first

maximum for the unattenuated source power time distribution was deter-

mined to be 51.72 microseconds and 39.09 microseconds, respectively.

The effect of atmospheric scattering and ground reflection is to shift

these t imes to later times. Not only did the anisotropy of the source

affect  the magnitude of the optical signal at the detector position ,

but the time at which first maximum is reached was also shifted to

later times when the source was peaked in the backward direction.

The source anisotrophy has a smaU. effect on the times of one—half and

one—tenth maximum power. For small look angles, the peaking of the
source in the backward direction shifts the time of one—half maximum

power by approximately 0.85 microseconds and the time of one—tenth

maximum power by approximately 0.52 microseconds. For the 90 ° look

angle , the average shift  in the time of one—half maximum power is 2.66
microseconds and the average shift in the time of one—tenth first maxi-

mum power is 1.13 microseconds. However , for those cases where the

source was at 500 meters altitude , the shift in time of one—half maxi-
mum power is as much as 7.48 microsecond s and the shift in the time of

one—tenth maximum power is as much as 3.78 microseconds.

The POLO procedure was used to extend the atmospheric trans-

mission data base previously generated for meteorological ranges of
3, 10, and 25 km to a meteorolgoical range of 40 km. The time—dependent

atmospheric scattering data for the 40—km meteorological range atmo—

sphere was computed for wavelengths of 0.4278, 0.5, 0.6, 0.75, and

1.07 i.im, source altitudes of 0.1, 0.5, 3, and 10 km and receiver look

angles of 0, 30, 45 , 60 , 70 , 75 , 80, and 90 degrees. Curve—fit coeff i—

den ts for use in the TMTAU program were generated for ground albedo

values of 0.0, 0.2, 0.5, and 0.8. The curve—fit coefficient data are

stored on Tape No. 001706 at AFTAC.

The POLO data for the 3— , 10—, and 25—km meteorological range

atmosphere were previously computed for only three source wavelengths ,
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0.4278, 0.75, and 1.07 pm. A procedure denoted as POLICE was developed

for use in generating curve—fit coefficients for wavelengths other than

the three wavelengths used in the POLO calculations. A modified version

of TMTAU, denoted as TMTRFO1 was developed to use curve—fit coefficients

for more than three source wavelengths in evaluating the convolution

integral giving the time—dependent power at receiver positions . In

addition, the POLY procedure was modified to accept source data generated

by the R ADFLO procedure and to interpolate the atmospheric transport data

over wavelength to obtain transport data at the wavelengths used in

RADFLO to compute the wavelength and time depend ence of the source

emission. The TMTAU, TMTRFO1, and POLY procedures were checked out

against an analytic solution of the convolution integral to illustrate

that these procedures correctly evaluate the convolution integral.

A study was performed with the POLO procedure to determine if

the time—dependent atmospheric transport data for a given satellite

altitude could be converted to give data for other satellite altitudes.

The results of the POLO calculations showed that direct and time—

dependent scattered fluxes for satellite altitudes between 20186.8 lan

and 93621.626 km could be obtained from data previously generated with

POLO for a satellite altitude of 35800 km with an error of less than

1.0%. It was found that the correction factors for converting the POLO

data for a satellite altitude of 35800 km to satellite altitudes

between 20186.8 km and 93621.626km varied significantly with the

receiver look angle. There was no significant variation in the correc-

tion factor for a given look angle with source height.

A number of POLO problems were run to investigate the effect

of clouds on the time—dependent response at a satellite—borne receiver.

POLO problems were run for 10—km meteorological range Haze C atmosphere

containing either a 20—mean—free—path—thick altostratus cloud between

3 and 4 km altitude or a 14—mean—free—path—thick stratus cloud at

altitudes between 0.5 and 1.0 lan altitude. Point isotropic 0.4278,

0.75, and 1.07 ~im wavelength sources were positioned at altitudes of
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_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



. .-.-... . ..- .,.
~~~~~~~~~~~~

-
~~
--

~
---

0.1, 0.5, 3, and 10 km. The clouds were treated as scattering media

and the ground surface was considered to be a Lambert reflector. The

satellite altitude was taken to be 35800 km. The POLO—generated data

were convoluted with a RADFLO—generated source term for a 2—KT event

to investigate the effect of the cloud layer on the times at which

first maximum power and one—tenth first maximum power occurs. When

the source is positioned under a cloud layer, the retarded time of

first maximum power tends to increase with look angle. The retarded

time at which one—tenth of f irst  maximum power occurs also tends to

increase with look angle. When the source is above either cloud layer

at 10—km altitude, the retarded time at which first maximum occurs

tends to decrease with an increase in the look angle and the time at

which one—tenth of first maximum power occurs remains nearly a constant

for all look angles.

Attempts to use POLO to compute the time— and angle—dependent

distributions of the light escaping from the top of a cloud located

above a point isotropic source resulted in data with large statistical

errors. These large statistical errors are believed to be caused

by the use of a point—estimating function that has an R 2 
dependence

on the source—receiver distance R. The large statistical variation

in the POLO data tend to become insignificant when the receivers

are positioned at satellite altitude. An effort has been initialed

to develop a version of POLO that uses a surface—receiver estimating

function instead of a point—receiver estimating function to deter-

mine the radiation intensity at receiver location at the top of the

cloud.

A study was initiated to investigate the possible application

of discrete ordinates methods of radiation transport to study time—

dependent radiation transport through clouds. The use of discrete

ordinates methods requires that the phase function be expanded in

terms of Legendre polynomials. A method for computing the coefficients
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for the Legendre polynomial expansion from the use of Nie theory was

developed but it was found that the number of coefficients required to

represent the phase function is on the order of 2cs + 2 where ~ = 271r/X

is the aero8ol size parameter. Clouds typically have aerosols up to

20 to 30 microns in radius. Fur 0.5 pm wavelength light, the size

parameter could be as large as 375, thus requiring a Legendre poly—

nomial of the order of 752.
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I. INTRODUCTION

This report is the second volume of a two—volume Final Report

prepared under Contract No. FO86O6—74 — C—OOll for the period 1 July 1975

through 30 September 1976. The work reported on involved making modi-

fications to the computer programs previously developed for use in

studying the atmospher ic transport of the thermal radiation p roduced
by nuclear sources . The work also involved app lying these computer

procedures to a number of different thermal radiation transport problems .

The POLO Monte Carlo procedure (Ref . 1), which computes radiation

transport for  point sources in a spherical—shell atmosphere , was modified

in order to uti l ize the gaseous absorption cross—section data compiled

by McClatchey (Ref . 2) at AFGL . These new cross—section data allow the

POLO procedure to treat absorption by a larger number of atmospheric

gases and to treat gaseous absorption within finite—sized wavelength

intervals in the infrared wavelengths instead of for discrete wavelengths .

The POLO procedure was also modified so that it could compute and print

out the intensity of the scattered radiation at point receivers as a

function of a polar and an azimuthal angle as well as time. The modi-

fications made to POLO for the purpose of incorporating the AFGL gaseous

absorption cross—section data and printing out the polar and azimuthal

angle distributions of the scattered intensities as a function of time

are described in Section II.

The modified version of POLO was used to do a parametric study

of the effects of atmospheric scattering on the transmission of the

radiation emitted by point isotropic sources in the 2.7 pm band. The

atmospheric transmission to a satellite—based receiver position was

evaluated as a fun ction of the satell ite look angle for a satellite
at 35,800 kin altitude and point isotropic sources at altitudes of 0.1,
0.5, 2, 5, and 10 km in bo th trop ical and midla titude summer model
atmospheres. The atmospheric models and the results obtained from the

POLO calculations are discussed in Section 
III.1



A study was conducted , using the POLO and POLY (Ref . 1) pro-

cedures , to determine the effect of source anisotropy on the time dis-

tribution of the thermal radiation signal that would be seen by a wide—

band silicon receiver positioned on a satel l i te  at 20 ,187—km alt i tude.

A description of the results obtained for two different anisotropic
sources and for a point isotropic source is given in Section IV.

Section V describes a set of calculated atmospheric transport

data that were generated with the POLO procedure for a 40— kin meteoro-

logical range atmosphere. The receivers were at synchronous satellite

altitude. The time—dependent air—scattering data generated with POLO

were curve—fitted for use with the TMTAU procedure (Ref. 3). The

curve—fit data are also discussed in Section V.

Section VI describes the calculational methods developed for

convoluting time— and spatial—dependent source and atmospheric trans-

mission data. Modifications that were made to the POLY and TMTAU pro-

cedures so that they could interpolate the POLO—generated atmospheric

data or the curve—fit coefficients for the POLO data over wavelength

are also described . The accuracy of the calculational methods used in

the modified convolution procedures was checked through comparison with

the results of an analytic solution. The results obtained are also

discussed in Section VI.

The effects of clouds on the time—dependent transmission of

the thermal radiation emitted by nuclear sources was studies with use

of the POLO and POLY procedure. POLO calculations were performed for

point isotropic sources at wavelengths of 0.4278, 0.75, and 1.07 pm , and
source heights of 0.1, 0.5, 3, and 10 km. The detectors were positioned

at 35,800-km altitude for look angles of 0, 45 , 75, and 90 degrees. Two

model atmospheres were used in the POLO calculations. The first model

atmosphere used was a 10—km meteorological range Haze C atmosphere with a

14 mean—free—path thick stratus cloud positioned between 0.5— and 1.0—km

altitude. The second atmosphere used was a 10—km meteorological range

Haze C atmosphere with a 20 mean—free—path thick altostratus cloud posi—

2
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tioned between 3— and 4—km altitude. The POLO—computed transmission

date were convoluted in the POLY procedure with source data from RADFLO

for a 2—KT event. The results of both the POLO calculations of the

atmospheric transmittance and the POLY calculations of the thermal power

at the detector for retarded times up to 140 psec are described in

Section VII.

The POLO procedure was used to compute the angular and time

distributions of the scattered intensity at the top of a cloud . An

analysis of those calculations showed that large statistical deviations

occurred in the calculational data. A discussion of these results and

possible reasons for the large statistical errors for de tectors at
cloud top is also given in Section VII.

There have been several occasions where calculated air trans-

mission data for satellite altitudes other than that of 35800 km have

been needed . There currently exists a large body of POLO—calculated

atmospheric transport data for a satellite altitude of 35800 km. A

study was performed utilizing the POLO procedures to determine the time—

dependent scattered fluxes reaching satellites at altitudes of 20186.8,

93261.626, and 35800 km. Ratios of the calculated scattered fluxes

at altitudes of 20186.8 and 93621.626 km to the calculated scattered

flux at 35800—kin altitude were found to agree within a few percent

with the similar ratios computed for the direct fluxes. Because of

this good agreemen t, it is suggested that the method described in

Section VI be used to convert scattered fluxes and direct fluxes corn—

puted by use of POLO for an altitude of 35800 km to any other satellite

altitude.

The difficulties in computing accurate transmission data for

detectors positioned at cloud top with the POLO program resulted in

a study on the possible appl ica tion of discre te ord ina tes techniques
to cloud transmission problems . The TDA code (Ref. 4), a one—dimensional

discrete ordinates code was obtained from the Radiation Shielding Infor—

mation Center . It soon became apparent that in order to be able to

3 
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use TDA, or any other time-dependent discrete—ordinates code, to study

optical radiation transport it would be necessary to have a calcula—

tional method for expanding the aerosol phase f unction in terms of a
Legendre polynomial of order n. A method was developed to accomplish

this expansion from data computed with the MIE—2 procedure. The cal—

culational method developed to compute the Legendre coefficients for
Mie scattering is discussed in Section VIII.
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I I .  MODIFICATIONS TO THE POLO PROCEDURE

During the previous year , several modif icat ions were made to

th.~ POLO program to improve the application of the program to problems
of interest to AFTAC . Currently , three versions of the POLO program

are operational on the computer at AFTAC. The original version of POLO,

des igna ted TPOLOW , is still operational and is being used in time—

dependent light—transport studies for wavelengths in the visible range.

This version of the POLO program produces an output tape in the format

required by the TMTAU and POLY programs.

In a version of POLO , designated as TPOLOG , a new method for

treating gaseous absorption was inc~rporated into the POLO program. The

gaseous absorptio~: data compiled by McClatchey (Ref. 2) for C02, H2O,

O
3~ 

N
2
O, CO , CH 4, and °2 are contained on a library tape which is ana—

lyzed by the TPOLOG program to select the cross—section data for the

desired constituents and wavelength intervals. The data are available

on tape with a resolution of t~v = 20 cm ’ at 5 cm
1 spac ing between

10 cm and 13155 cm (0.76—1000 jim). Therefore, TPOLOG treats

gaseous absorption in the IR for a wavelength band rather than for

a discrete wavelength. The gaseous absorption transmission model

used in TPOLOG with the McClatchey data is described in Ref. 5.

The TPOLOG program was further modified to create a version of

POLO designated as TPOLOL. TPOLOL allows for a detector with polar

angle , azimuthal angle, and time resolution. The polar angle at the

detector is measured , depending on the option selected , either from the

earth radial through the receiver position or from the source—receiver

axis. An effort was made to minimize the differences in the utiliza—

tion of the TPOLOG and TPOLOL procedures. TPOLOL currently exists at

AFTAC on disc pack TP2PAK under RRACODES in all sections as TPOLOL.

2.1 Comparison of TPOLOG Calculations with LOWTRAN3 Data

(U) TPOLOG calculations of the direct transmittance in the

2.65 jim to 3.0 jim wavelength range for a point sc-irce at a height of

- ~~~~~~~~ _~~ _ _ _ _ _~~~ .,: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~
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0.5 km and a detector positioned at a satellite altitude of 35800 km

were run for comparison with LOWTEAN3 (Ref. 6) calculations . The cal—

culations were made for two model atmospheres. The atmosphere denoted

as Model A had less water vapor content than did the atmosphere denoted

as Model B. The LOWTRAN3 code was run with the same atmospheric models

as were used in the TPOLOG calculations. A comparison of the direct—

transmittance data obtained from both calculations for the two atmo-

spheric models when the satellite is positioned directly overhead is

shown in Fig. 1 for the range 2.8249 jim — 2.9940 pm (3,540 cm 1 and

3,340 cm~~ , respectively). In the figure, the direct—transmittance

data obtained from LOWTRAN3 are connected with straight lines; whereas

the TPOLOC—calculated direct—transmittance data are plotted using circles

and triangles. The differences that occur for the individual data is

believed to be due to the different method of treating absorption in

TPOLOC and In LOWTRAN3. TPOLOG uses an interpolation between absorption

cross sections as a function of temperature in order to give the correct

cross section at the specific temperature of each atmospheric layer.

The transmission formula in TPOLOG (Ref. 5) takes into account the

pressure dependency. The absorption coefficients in LOWTRAN3 are input

for 296°K temperature and 1 atm pressure and are then adjusted to the

correct temperature and pressure of each atmospheric layer (the adjust—
ment takes into account the change of the line widths with temperature,

but not the change of the line strengths).

Unfortunately , the transmission functions incorporated in

LOWTRAN3 do not allow the use of the program to calculate transmissions

that are less than 0.001 for most of the species considered. LOWTRAN3

transmission data in the range 2.65 pm were all calculated to be 0.0

and theref ore , cannot be compared with the TPOLOG data in the same

wavelength range.

A comparison of the direct transmittances for the Model B atmo—

sphere that were calculated by both programs is shown in Fig . 2 for
satellite polar position angles, e , of 00, 300, 60 0 , and 78° . The 
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comparison is good for transrnittances greater than 0.001 and for all

of the polar position angles , with the exception that the LOWTRAN3

data seem to be slight ‘ . - ,~ lower than the TPOLOG data for 00 
= 600 and

78 0. This is explained by the fact that LOWTRAN3 considers the bending

of light by the atmospheric refraction ; whereas the version of TPOLOG

that was used to calculate the infrared data does not. The atmospheric

refraction tends to bend the light rays to lower atmospheric layers,

resulting in larger pathlengths and lower transmissions. Since the

overall comparison between the LOWTRAN3 and TPOLOG data is good , it was,

therefore, decided not to modify LOWTRAN 3 to neglect the effect of the

refractive index which would require major changes in LOWTRAN3.

The good comparison between transmission data computed with

LOWTP~An3 and TPOLOG ver ii .~e.~ the method used in TPOLOG to account for

gaseous absorption . The mer:~~ used in TPOLOG seems to have the advan-

tage that transmission data can be obtained for values smaller than

0.001; however , no information is available on the accuracy of the

computed data for very small transmissions .
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III. TPOLOG CALCULATIONS IN TEE IR FOR SATELLITE DETECTORS

TPOLOG multiple—scattering calculations in the IR for detector

systems at satellite positions have been performed in the range 2.65 —

3.00 pm. This wavelength is of particular interest because of the H2O

and CO
2 
absorption band In that region of the spectrum. Because of

the high , but different , concentration of these species at low alti-

tudes, H2
O absorption is dominant in the atmospheric layers close to

the ground surface; CO
2 
absorption is dominant above 5—kilometer alti-

tudes and can still be observed at altitudes about 40 km (Ref. 7).

3.1 Model Atmospheres

Atmospheric models for a tropical and a mid—latitude suu~~er

atmosphere were chosen . The dependency of the atmospheric pressure on

altitude for these models was taken out of the U. S. 1966 Supplement

Atmospheres (Ref. 8). Data for temperature and dew point below the

tropopause were supplied by the contract monitor . The temperature

data obtained were smoothed and then extended to higher altitudes

using the tropical and mid—latitude models of Ref. 8.

Although the TPOLOG prog ram allows f or gaseous absorp tion for a
total of seven species, only the absorption by H2

O, CO
2. 

and N20 have
to be considered in the wavelength range of interest (Ref. 9). CO2
and N

2
O was assumed to be uniformly mixed in the entire atmosphere

with mixing ratios of 3Xl0 4 
and 5XlO~

7 (Ref . 10), respectively . The

H2O densities below 10—km altitude were calculated from the measured

dew point and temperature, ui~ing the USAF SKEW T, log p Diagram
supplied by the contract monitor , and tables given in Ref. 11. The

data were then smoothed and combined with data given by Selby et al.

(Ref. 9) for both the tropical and mid— latitude summer model.

The dependency of the aerosol concentration upon altitude was

assumed to be that of the 1970 measurements taken by Elterman (Ref. 12).

10



Aerosol models for tropospheric and stratospheric particles were taken

from Ref. 13 to describe the aerosol size distribution and the wave~-

length dependency of the aerosol scattering coefficient (see also

Ref. 7). The ground—level meteorological ranges for both the tropical

and mid—latitude atmospheres we~.e taken to be 25 km.

3.2 Calculational Results

TPOLOG calculations for the 2.7—micron wavelength band were run

for the tropical and mid—latitude atmospheric models. The gaseous

absorption cross—section data compiled by McClatchey at AFCRL (Ref. 2)

were used in the TPOLOC calculations. The satellite altitude was taken

to be 35,800 km and detectors were positioned at polar position angles

(polar angle between a radial through the source and a radial through

the satellite’s position) of 0, 30, 60 , 78, and 82 degrees. The source

altitudes considered were 0.1, 0.5, 2, 5, and 10 km.

The TPOLOC calculations were run for 23 wavelengths spaced

between 2.6525 pm and 3.0030 pm. The scattering aid continuum absorp-

tion cross sections were input for three wavelength intervals; the

first and second intervals each contained seven wavelengths and the

third interval contained nine wavelengths. For the 2.7—jim wavelength

band , the atmospheric gases that contribute to the molecular absorption

were water vapor , CO
2
, and N

2
O. The atmospheric optical thickness for

each of the model atmospheres, excluding gaseous absorption, were as

follows:

WAVELENGTH OPTICAL THICKN ESS EXCLUDING MOLECULAR ABSORPTION
INTERVAL (pm) MID-LATITUDE ATMOSPHERE TROPIC~ L ATMO SPHERE

2.6525-2.7491 4.033676Xl0
2 

4.O6574OX1~~
2

2.7491—2.8490 3.595484XlO 2 3.625945X1O 2

2.8490—3.0030 3.334809X1O
2 

3.363596Xl0 2

1~1



A significant fraction (45% to 65Z, depending upon altitude) of the

above optical thicknesses resulted from aerosol particle absorption .

The TPOLOG printed output gave the scattered and direct flux

at each receiver position as a function of the ground albedo for each

of the 23 source wavelengths. The ground surface was assumed to be

a Lambert reflector. Calculations were run for source heights of 0.1,

0.5, 2, 5, and 10 km. The receivers were positioned at an altitude

above the ground surface of 35,800 Ian and at polar position angles

0
0 
of 0°, 3Q0

, 600, 78°, and 82°.

The calculated direct and scattered fluxes were folded with

a filter function and a source term that assumed a uniform emission

with wavelength within the interval being considered . The results were

theo multiplied by the quantity 47TR2 where R is the source—receiver dis-

tance to obtain the direct and scattered transmittances to the satellite.

The total source emission over the wavelength interval from 2.6525 pm

to 3.0030 pm was assumed to be 1.0 photon. The results shown in this

report are for a filter function that had a value of 1.0 for all

wavelengths.

The results obtained from the TPOLOC calculations as a function

of source height and satellite polar position angle for the direct

transmission and for the scattered transmission when the ground albedo

has values of 0.0 and 0.8 are tabulated in Tables I and II for the tropi-

cal and mid—latitude atmospheres, respectively . From the data shown in

these tables, it is seen that the direct transmittance for the mid—

latitude atmosphere is higher than that computed for the tropical atmo-

sphere at source heights less than about 3 km. For source heights above

3 km , the direct tranemittances for the mid— latitude atmosphere are less

than those computed for the tropical atmosphere. Note also that for a

satellite polar position angle of 82° the direct transmittance is negli-

gible compared to the scattered transmittance when the source height is

less than 2 km.

The ratio of the calculated scattered transmittance to the

total transmittance is shown in Fig . 3 for the tropical atmosphere

12
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as a function of the satellite polar position angle and the source

height for a ground albedo value of 0.0. Similar data for a ground

albedo value of 0.8 are shown in Fig. 4. When the ground albedo is

0.0, the fraction of the total transmittance contributed by atmospheric

scattering increases with an increase in the satellite polar position

angle and with a decrease in source altitude. When the ground albedo

is 0.8, the fraction of the total transmittance contributed by atmo-

spheric scattering and ground reflection decreases with an increase

in the satellite polar position angle up to about 65° and then increases

with a further increase in the polar position angle. As seen in Figs.

3 and 4, the importance of atmospheric scattering decreases with an

increase in the source altitude. It should be noted that the magnitude

of the ground albedo affects significantly the fraction of the total

radiation at the satellite that is contributed by the atmospheric—

scattered and ground—reflected radiation . The TPOLOG calculations show

that the magnitude of the scattered radiation at the satellite increases

approximately exponentially with an increase in the ground albedo.

Figure 5 shows the variation of the ratio of the scattered—

to—total transmittance at the satellite with source height for the tropi-

cal atmosphere. Data are shown in Fig . 5 for satellite polar position

angles of 0° and 78° and for ground albedo values of 0.0 and 0.8. For

a satellite polar position angle of 0°, the magnitude of the ratio of

the scattered—to—total transmittance for a given source height is highly

dependent on the magnitude of the ground albedo . For a polar position

angle of 78° and for a given source altitude, the ratio of the scattered—

to—total transmittance is not very dependent on the magnitude of the

ground albedo.

The TPOLOG calculations show, for point sources emitting in

the 2.7 pm wavelength band, that the air—scattered and ground—reflected

radiation can be an important component of the data measured by Infrared

sensors on satellites, and neglecting that component in an analysis of

the measured data can lead to significant error in estimating the

magnitude of the source that produced the measured data.
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IV. POLO CALCULATIONS FOR ANISOTROPIC SOURCES

A study was conducted to determine the effect of source aniso—

tropy on the time distribution of the optical signal received by a wide—

band silicon receiver located on a satellite positioned 20,187 kilometers

above the earth’s surface. Point anisotropic sources were considered

which emit different fractions of the total radiance uniformly in the

forward and backward hemispheres. The forward and backward hermispheres

are separated by a vertical plane containing the source point that is per—

pendicular to the plane containing the receiver locations. The forward

hemisphere is the hemisphere on the receiver side of the plane. The

source—receiver geometry for the calculations is shown in Fig . 6. Source

altitudes of 500 meters , 3 kilometers, and 10 kilometers were considered

In model atmospheres having meteorological ranges of 3, 10, and 25 kilo-

meters. Receivers were located at look angles, 0L’ of 0, 30, 45, 60 , 70,

75, 80, and 90 degrees for the sources at 500 meters altitude and at 0,

30, 60, 70, 80, and 90 degrees for the sources at 3 and 10 kilometers

altitude.

Atmospheric transmission calculations for each source—receiver

combination in each of the three model atmospheres were performed with

the POLO program for source wavelengths of 0.4278, 0.75, and 1.07 microns.

The direct fluxes that were obtained for the three differen t 0.75—micron

wavelength sources located at 500—meters altitude in the 25—kilometer

meteorological range atmosphere are compared in the table below . The

anisotropic—1 source emits 2/3 of its radiation In the forward hemisphere

and 1/3 in the backward h~ nisphere. The anisotropic—2 source emits 2/3

of its radiation in the backward hemisphere and 1/3 in the forward hemi-

sphere.

The direct flux at the satellite for each look angle and source

model when the source wavelength is 0.75 pm is: 



DETECTOR

R

SOURCE 

~~~~~~~~ 
eL

SOURCE HEI GHT
DETECTOR
HEI GHT

00

RADIU S OF EARTH

SURFAC E OF
EARTH

Fig . 6. Source—Receiver Geometry
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I

ANGLE DIRECT FLUX (photons km 2/source photon)

~(4~g) ISOTROPIC SOURCE ANISOTROPIC—1 ANISOTROPIC—2

0 .16346—9 .16346—9 .16346—9
30 .14801—9 .19735—9 .98673—10
60 .10504—9 .14005— 9 .70027—10
90 .18777—14 .24236—14 .12118—14

These data are for a source height of 0.5 km in the 25—kin meteorological

range atmosphere. For the two anisotropic source models studies , the

direct f l ux at 0
L 

= 0° is identical to tha t for an isotropic source.

A plot of the variation of the total flux at the detector with

a look angle for a 0.75—p wavelength source is given in Fig . 7 for a

ground albedo of 0.0 and in Fig. 8 for a ground albedo of 0.8. The

fluxes in Figs. 7 and 8 are for  a source a l t i tude  of 0.5 km and a 25—km

meteorological range atmosphere. It appears that the possibility of

determining whether a source is anisotropic or not with the use of

measured data from at least two satellites is the greatest for  look angles

between 40 ° and 70 ° and when the surface albedo is small. The two satel—

lites would , of course , have to be on opposite sides of the source.

The atmospheric transmission computed with POLO for the three

wavelengths were used in the POLY procedure to predict the atmospheric

transmission for 14 wavelength intervals covering the range from 0.4 to

1.10 microns . The atmospheric transmissions for each of the 14 wave-

length intervals were convoluted in POLY with a time—dependent source

term generated with the RADFLO program for a 2—1C1~ event. Then these

data were weighted in POLY with a response function for a wide—band

silicon detector (Fig. 9) and integrated over wavelength. The wavelength

intervals and the average response within the intervals are listed in

Table III. The R.ADFLO source term weighted with the response function

and integrated over wavelength is plotted versus time out to 24Xl0
5

seconds in Fig. 10. Figure 10 shows the response that should be observed

if atmospheric attenuation and scat tering did not p e r t u r b  the optical

21
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TABLE III. WIDE—BAND SILICON RESPONSE FUNCTION
VERSUS WAVELENGTH

WAVELENGTh INTERVAL AVERAGE RESPONSE
(micron)

0.4000—0.4500 0.1312

0.4500—0.4850 0.3000

0.4850—0.5253 0.4000

0.5253—u.5700 0.4937

0.5700—0.6266 0.5875

0.6266—0.6812 0.6779

0.6812—0.7358 0.7548

0.7358—0.8029 0.8354

0.8029—0.8700 0.9125

0.8700—0.9309 0.9725

0.9309—0.9918 0.9800

0.9918—1.0200 0.8375

1.0200— 1.0600 0.4820

1.0600—1.1000 0.1980
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signal. Note that first maximum occurs at approximately 7.O8XlO 5
sec—

onds. The optical signal seen at a receiver position includes not only

the direct but also the scattered radiation and since the scattered radia—

tion is delayed in time, the time distribution of the optical signal

at the receiver position may be quite d i f fe ren t  from the time d is t ribu—

tion of the radiation emitted from the source. Since the source angular

distribution affects the ratio of the scattered to direct radiation

observed at a receiver position, it may also a f fec t  the time distr ibution

of the optical signal at the receiver position. That is, receivers at

the same look angle and radial distances relative to the source but at

different azimuthal positions will show a different response if the

source is anisotropic.

Figures 11 and 12 show the calculated time response for  receivers

located at 30— and 90—degree look angles from each of three sources con-

sidered . The upper curves are for a source emitting two—thirds of its

radiation in the forward hemisphere and one—third in the backward hemi-

sphere (FORWARD) , the center curves are for  an isotropic source (ISOTROPIC),

and the lower curves are for a source emitting one—third of its radiation

in the forward hemisphere and two—thirds in the backward hemisphere

(BACKWARD) . Note that not only does the anisotropy of the source affect

the magnitude of the optical signal received at the detector position ,

but the time at which first maximum is reached also appears to be shifted

to later times as the source becomes peaked in the backward direction .

The shift in the time of first maximum raises a question concerning the

time scale that should be used in comparing optical signals from detectors

located at different receiver positions.

The tim e Intervals used in the POLY program to record the tLme—

dependent optical signal are in the order of 10 to 20 microseconds in

~.‘dth for time periods near the time of first maximum . Therefore , it

is difficult to determine within 10 to 20 microseconds when first maximum

actually occurs. An examination of the optical signals generated with

the POLY program indicates that scattering may shift the time of first

27
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maximum by several 10’s of microseconds. This is especially truc if the

ground—reflected signal reaches the receiver position after the peak in

the direct radiation.

In order to determine the time scale that should be used in

comparing optical signals from different receivers, the time of 1/2

maximum power and 1/10 maximum power were determined from the POLY data.

These times are shown in Tables IV and IX for ground albedos of 0.0 and

0.1.

The time at which the average power occurs in the ith time

interval varies with the time interval. Since it was not possible to

obtain the time at which the average power occurred in each of the

time intervals directly from the POLY calculations , It was fe l t  that

it was better to assume fo r  the purposes of this study that the

average power in the 11± time interval occurred at a time

= t11 + (ti~
.t
i 1

)9
~
n2

for times before first maximum instead of at a time given by the

midpoint of the time interval. The t ime of 1/2 maximum power is then

given by logarithmic interpolation:

T i/2m~~ ~ j- l + j - 1~ [~~ (~ii2max ’~~~~j _ i~) (P~~~ ) / P ~~~~~1~]

where and are the times of the two powers P( t~ _ 1) and P ( t~ )

bounding the power 
~l/2max 

= 1/2 maximum power. The time of 1/10 maximum

power, T
111~~~~ , 

is computed by replacing the power at 1/2 max , 
~l/2max’

in the above equation wi th  the power at 1/10 maximum power P1 / lOmax.
The times of 1/2 maximum power and 1/10 maximum power have been determined

for  the unat tenuated  source power tim e distribution shown in Fig. 10.

The time of 1/10 maximum power was determined to be 39.09 microseconds
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TABLE IV. POWE R AT FIRST MAXIMUM , TIME S OF ONE—HALF AND ONE-TENTH FIRST
MAXIMUM: 25 KM METEOROLOGICAL RANGE ATMOSPHERE, HEIGHT OF
SOURCE — 0.5 KM, GROUND ALBEDOS 0.0 AND 0.1

GROI : N C A L~~~0O ~ 0 . 1 G~ OlJ N r) A L B E D O  # 0 . 1

SCu~~~F F T ~~S r *  T J M~ 0~~** T T ~ t~ OF** rT ~~s T *  T I M E  OF** TIM E or**T Y P E  F ’ A Y  1/2 ~~~ i/ iO  ~-~~ X ‘~~ x :12 M A X  1/1~ M A X

L0~~ ANGLE a 0 D H G R E E S

FOR~~A R C  7C5~~~ Q 5 , .~ 1 4 f l . 5 7  c~~ ’ .0 55.69 4 1 . 0 9
ISOT POPIC 61S.P 5-~. 2 ~ 4C .~~~ 715.0 55.96 4 1 . 34
BA C ” ~..AP~ 459.0 ~~ ~~~~~ ~ 6 5 . 0  56 ,38 4j , 73

.~~ ULE a 3(~ DEGRFES

F0 R~~A F1D 728.? 55.?~ ~1 .73 P14.3 55.72 41.15
ISOT POPIC f’63.9 ~ S . 43 41 ,~~~ 6 4 7 .5 5 5 . 9 9  41.38

~ AC~~wA~~ 399.5 55.7? 41.09 481.6 56.44 41.77

A~- J GL F a 6~J IEG P EES

5 5 . 6~ 4 1 .2~ 57~~.7 55.91 41.45
IS0TP0PT~ 4~~2 . 8  5c5 .81 41.3? 44~~.1 56 .10 4j.60
BA CK.~A r~~ 2~36 .2 ~t . 1 3  41,50 321.6 St..45 41. 89

LOO I< 
~N G L ~ # 7: ~E3REEs

4 2 7 . 2  55.95 41.5’1 44~~.1 56.11 41. 72
LS O T~~0Pfl 3c’6.ô 56.~’7 41.6(, 345.0 5 6 . 2 6  4 l . R ~2 2 5 . 9 56.27 41.83 2~~3.9 56.54 42.08

LICK A N G L E  # 8’ E1~~~ES

F0~~.AP ~’ 238. 7 56 .47 42.32 245.6 56.56 42.41
IS0TM1 PT~ 1~~i. -~ 56.55 42.42 1~~3.2 56.72 42.51
~ A CK w AR T l 12~~. 1  5 6 . 82  4 2 . 5~ 131 .2 57 .26 42. 77

LO0 1’~ A - r G L r  ~ 9~ DE1~~F~~s

7 2 . 3~ 52 . 3 1  i~~,84 72 .~~ ’ 52 .~~9
T S 0 T ~~~ P T  ~~~~~~ 73.39 52. ’7 8.725 74.01 53.11

~ A C~~~A~~fl ~ .19? ~~~~~ 53.67 ~~~~~ 77 .56 54 .10

* (wa tts/cm 2
)

** (psec)
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TABLE V. POWER AT FIRST MAX IMUM, TIMES OF ONE-HALF AND ONE-TE NTH FIRST
MAXIMUM : 25 KM METEOROLOGICAL RANGE ATMOSPHERE , HEIGHT OF
SOURCE — 3.0 1CM, GROUND ALBEDOS — 0.0 AND 0 .1

G1~0UND A L PE DO # (‘~.0 G R O L N D  A L B E D O  0 . 1

SU~~~cE FIRST * T IM E  OF** TI~’E OF** FIRSI’ * TI”~E CF** TIME OF**
TYPE ~ AX 1/2 MAX i/iD ~1A X  ~ AX 1,2 M A X  1/10 TM A X

LOOK ANGLE # 0 DEGREES

r O R~~A ’~fl 795,5 54 .94 40.35 855.0 55.68 40.85
ISOT 6OPT: 623.2 55.12 40.48 68Q .7 56.j7 41.20

~5i.i 55.46 40.73 ~~~~~~ 57 . 6 7  4 1 . 88

LO OK A~~G L E  # 3r IEG REES

740 .4 ~~~~~~ 4 3 , 5~ 79~~.5 5 S .8i  4 1. Oi
ISOT RO P IC -~7~~~~ ‘55 .32  4 r . 68 “ 2 2 . 2  56 . 2 0  4 1. 3 0
BA C K~~A~~fl 400 ,~ 55.65 40.9~ 46~~.1 57.57 41. 93

LOO K A GLE 4 60 flEG P~~ES

roR~~A Rn 5~~0.6 55.67 41, 14 ~~~~~ 55.99 41.27
ISOT~~0P fc 45j.~ 5 ,80 41.14 474 .5 56.25 41.46
PA cK ~-. AR~ 3i4 .3 56.10 41 .37 3~~ i~~~ 56.97 41~~~6

LOOK ANGLE ~ /0 ‘EG~~~E S

~fl3 .9 55.91 
~~~~~ 51 5.7 56.11 41. 49

ISOT HO P IC V~4.5 56 .P5 41.43 397 .1 56.29 41.63
B A C r ~- j A R , ) 2~, 5 . 9 56.28 4i .6~ 2 7 9 . 4  56.82 41.95

LOO K A ’. GLE # 81 IEG~~EE3

F O R N A R U 344 .~ 5f,.2P 42 .00 349.0 S6 .37 42.07
ISOT PO P I: ~~~~.9 56.37 42.07 266.2 56.49 42.16

179 .7 56.~~6 42.22 ~~ 4.2 56.90 42.37

LOO K A NGLE # 90 ~EGREFS

39.~~1 60.03 44.62 4fl0.5 60.12 44.66
I S O T ~~C)PT~ ~1.02 60.~~~ 44 ,66 3’~2.5 ~‘O .21 44.71 —

20.32 60.~~1 44.~~6 206.2 60.5 4 44 ,86

* (wa tts/cm2
)

** (l.lsec)
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TABLE VI. POWER AT FIRST MAXIMUM , TIMES OF ONE-HALF AND ONE—TENTH FIRST
MAXIMUM : 25 KM METEOROLOGICAL RANGE ATMOSPHERE , HEIGHT OF
SOURCE — 10.0 KM, GROUND ALBEDOS = 0.0 AND 0.1

GR~~t J~ ’fl A LB E 2 O  # 0.~ G -I ’~ ~ A L E E D C  U 2 .1

SO u RCE F T P ~~T * T I~~r flF~~~ T I M E  IF ~ IR~~T *  T I M E  C~~~ T I MS ~~~~T Y 2 E A A X  1/2 ~A X  1/ 10 M A X  ~ 4 X  1 /2  M t X  ~/ 10  ‘~ 4Y

LOO K A GLE # ~ lEGP~~sS

1OR~~A R 9 ~O2 .4 54.57 40.03 ~ O2 .6 54.57 40. 13
ISO TR )P!C 613.6 54 .65 4P~~Q9 613. 7 54.65 4 0 . 0 9
8A C K W A R ’  425.0 54.~~1 40.22 425.2 54 .82 40.22

L O O~ ANG LE ~ 30 DEGREES

F O R ~~A~~) 716.7 54 .s4 - . 40.10 747.0 54.64 40 .10
ISO T RO O IC 566,5 54,7~ 42 , 5  566.7 54.71 40.15
RACP ( J A PD ~3~~7.i 54,56 40.26 387,4 54.87 40.27

LOO K A N ,GLF # 60 DEGPFES

610.7 5 4 . 9 3  4 1 . 3 3  613.0 54.97 40 .36
I SO T~~0~~IC 162 .7 55.01 4 0 . 3 9  4 6 9 . 4  55 . 1~ 40 . 5 0
B A C~~~A R, j 316 .2 55.21 40.53 325.1 55.62 40 .81

LO CK A NGLE 4 70 V E 3 R E E S

FOR ~-~A r ~fl ~~~4 .5 5 5 . 2 4  4 0 . 5 k  558.9 55.33 40,64
I S O T ~~~~ T~ 4 2 f l~~~ 55 .33 40. 6 424 .4 55.43 40. 77 

—

~ A CK~~AP :~ 2’5~~. 2  55 .52  4 0 ,79 293.2 55.75 4O.~~5

LOO K A N G L E  0 02 ‘ EG~~FES

55 .~~i. 40 ,95 451.? 55.64 41. 00
rS0T °OPT~ ~4O .3 55.67 41.03 ~~~~~ 55. 70 41.05
A A CKW#P ’~ ?31.C 55.00 41.14 2 3 2 .~ 55. 85 41.17

LOO K A~ 1GL~ 4 92  I E O P Fc - S

107.0 55.5C 42.59 1 J 7 , 1 56.50 42.c~Q
ISOT RO P IC ~~~~~ 56 .53 4?.61. ~~~~~~ 56.53 4 7 .~ ’I
9 A C~i.,AR~ 54.15 ~~~~~ 42 .64 54 . 0 1  56 .5~ 42.~ -5

* (wa tts/cm 2
)

** (lisec)

A _ _ _  -
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TABLE VII. POWER AT FIRST MAXIMUM , TIME S OF ONE—HALF AND ONE-TENTH FIRST
MAXIMUM : 3 KM METEORDLOGICAL RANGE ATMOSPHERE, HEIGH T OF
SOURCE = 0 .5  1CM , GROUND ALBEDOS 0.0 AND 0.1

r, Rf ~n~ r- ¶ L~~E~~O ~ I • 0 C~~~’ ’ - I A L P E C O  ~ 0 , 1

F J F S T *  T I L  1~~~** T I~~F ~~r* *  RI~~S T *  T IM E OF** TIM E OF**
T Y~~ ‘ lA X 3 / ~~~ ’ A A X  1 /10  l A X  1/2 ~~ x 1/10 ~ A X

L C f l v’ ~~~~~ a I ‘
~FG”-FS

7 5 7 .5 55.9? 41 .39 85i .~ 56. 41 41.84
I S O ~~~G P T i ’ 1~7 3 . j  5t ~.i~ 4 1 , 5 5  766,6 56.62 42.04

4 1 . 7 6  ~ Pj . 5  57 .16 42.30

A M C L~~ 4 32  0EGPE~~S

79 1 . &  55.~~~ “.1 .49 ~~~~~ 5 6 . 34  41. 86
I S O T R M P T r  6~~3 . 1  56 . 2 1  ~1. 7 O 711. 5 5 6 . 6 4  42 . 12
PA C ~< - i A~~fl 4 74 . ’~ 5 6 .~~3 ~~~~~ 5 4 6 . 0  5~~.7o 4?.5P

L Ir1 K A N GLE a “C OEG~~~E S

~i, 90 5 ’ 5 . 8  5 6 . 3 0  4 2 , 11
TS0 T~~~P~~’ ‘~72.~ 

- - . <5 4 2 .13 446.9 56.57 42.3~47.49 ~~~~~~~ ~~~~~ 42. 76

A~~CLE 4 ‘2 ~-E ~~

~ 77~~~ s .?2 41 .9 2  39~? . ’ 5 6 . 3 8
I s o r ,~ ’r r ~ ~- ‘~ .5- ’ 4 2 . 14  ~~~~ 5 6 . 7 5 4 7 . 3 1

~2 . 5 9  p32 .0  5 d . 0 2  42 , 8 1

L l 1 V  ~~ CL1- 4 ~~f) ) P , P E~~c

~i 4 . t 4  ¶ 17 , 1 6 (i.C9 44 .~~14 t. , 53 94 .6? 51.1~ 44 ,74

4 !,.31 7? ,~~ 7 f’ P.~~ 9

L O C K  tJ GL~ - # 9r ? EG~~EES

79.~~1 5~~.11 5,~~47 ~~~~~ 58,~~-~T S C t P ~~ . T L  ~~~~~~~~~~~~ ~-~ ‘ • 7 7  ~~~~~~ ~~.d59 p2 .96
4.6 05 87 .53 6 2 . 3Q

* (watts/cm 2)

** (usec)

_  - - - --
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TABLE VIII.  PO~ER AT FIRST MAXIMUM, TIMES OF ONE—HALF AND ONE—TENTH FIRST
MAXIMUM : 3 KM METEOROLOGICAL RANGE ATMOSPHERE , HEIGH T OF
SOURCE = 3.0 1CM, GROUND ALBEDOS = 0.0 AND 0.1

~r~~~- r .LC ~~fl 2 4 0.0 -2Rm ’’~o AL8FDC ~ 0 . 1

r I ~~~~* TI ~ OF** T I M E  O~ ** F ‘~~~c T ~ T IM E C~~~ T I M E  Or **
1/? ‘~A X  1. /j O “~A X  “ A X  1 /2  M A X  1/10 M A Y

Lfl~~ ANGLE a a

4 0 . 7 3 ~~~~~~ 5 6 . 1 1  41.17
~SO~~~’PT ‘73, 1 ~~~~~~~~ 41 . 15 7 3 - ~ .2 5 6 . 9 0  4 1.6 3

4~~.66  5~~7 ..3 59 . 35 42.47

LI?2”  A ~GLE 4 30 ~~~~~~~~~~~~~~~~~

F O R W . \ R 7  7 9 6 . -a 5S ,’~~ ~~~.4 6  M4 1.ti 56,51 41.52
ISOTR ~~Pr~ A 40. C 56.53 41.5~ 6 9 3 .1 5 P . 0~ 4 2 .0 9
BA C K ~~~R I  4 c 3 .~ 5 9 . 0 ~ 4 2 . 3 9  545,4 6 1 . 1 C  43 .18

L O O K  A~’G LE 4 60 DEGRE ES

648 .5 5~~• 4~ 4 1.68  6 6 4 . 5  56 . 7 6  4 1 . 8 4
~S c T q i~P y ~ 51~~~~7 56 . 91. 41.93 52482 57 .67 42.16

3 7 0 , 4 5 8 . 5~ 42.50 3 5 9 . 9  59 .55 4 2 . 85

LOO K ANG LE 4 71 DEGR EES

V O P ~ - A c ~: 5’~2.
’ 56.50 41.84 560.4 56 ,64 41.93

IS 0 T P ~~PI I 13 5 . 7  57 .31 4 2 . 1 7  4 4 5 . 4 5 7 . 6 9  4 2 .3 0
.~23.1 59 .48 47 ,95 3 3 7 .5  59 .99 4 3 .14

L O O K  A’~G LE 4 80 ~E3RE ES

55 . 4 2 4 2 . 17  37Q,j 56.47 42.70
i S f l T 4 C~~IC 2 ’5 1. ” 56 . 56 42.27 2A 4 .~ 56.63 42.33

4 2 . 5 - i  199 .3  57 .43 42 . 62

LOO K A ’ G L r  4 90 D E G R E E S

6 6 . 5 4  4 8 . 6 6  15.20  6 6 . 6 9  4 8 . 74
TS0T.~2~~T : 11. 9, ,  67 ,68  4 9 . 12  12.16 6 8 . 0 3  49.25

7 0 . 1 8  3 0 . 0 8  Q . 1 7 4  70 .6 1 50.25

* (watts/cm 2
)

** (lisec)
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TABLE IX. POWER AT FIRST MAXIMUM, TINES OF ONE-HALF AND ONE—TENTH FIRST
MAXIMUM: 3 KM METEOROLOGICAL RANGE ATMOSPHERE , HEIGHT OF
SOURCE — 10.0 1CM , GROUND ALBEDOS 0.0 AND 0.1

G ROUND A L B F D O  * P . O  C R uU~~n A L Ej E O C  4 0 .1

SOUN C E FI~~ST * T I M E  ~~~~ T I M E  OF** fl~~S T *  T I M E  OF~~ T I M E  CF **
TYPE ‘ iAX 1/2 M A X  1/10 M A X  ‘ lA X  1/2 M A X  1/10 M A X

LOOK ANG LE # 0 DE G RE E S

F C R ~~A~~n 794.5 54.56 40.03 794.6 54.56 40.18
ISO ’RO PIC 606.1 54.63 40.08 619.2 54.87 40.24
RAC Kw A~Q D 429.8 55.09 41.40 474.6 56,19 41.16

LOOK A NGLE 4 30 DEGREES

ROR WA 733.9 54.38 39.91 785.4 55.15 40.43
ISOTROPIC 578.6 54.9i) 40.26 633.1 55.91 40.95
BAC ~CAR 0 436.5 56 .ld ~1.15 486.1 58.42 41.99

LOOK A N GL E 4 60 DEGREES

F~OR~.AR? 633.3 55.26 40.57 643. 7 55.49 40. 70
I S O T R O P I C  4~~4-’~ 55.50 40. 71 495.1 55.73 40.87
PACK ~~

A Q 0 338.9 55.96 4t .03 349.3 56,29 41.26

LOO K ANG LE 4 70 DEGRE~~S

F0RWA ~~D ~13,7 56.10 41 .18 595.5 56 .20 41.25
! S O T P ~~~IC 4~~2. 56.27 41.3 fl 4~~8 .2. 56.39
5 A C~(.j ’1~~~ 314 .2 i6.65 

~t .5P •~12.6 57.08

L O O K  A ~L F  4 LP r)E’~~~ r~

472.8 55.99 1 1 . 2 3  ~~~~~ 56. 12 4j.?5
T S O T~~C PT~ 357 • 5 55.1 6 41 . 2 5  35~- .~ 5o.0 9 4j.30

R A C K~!A R 
‘
~‘~2,9 

56 .20 41.38 p i ~~ .9 56.24 41. 41

LOO K A~~ o.C ~ r~r r~r;ç
128 . 4 5 6 .3 5  4 p . 3 ~ 41f’ .4 56.35 42.38

! S O T P O P T C  ~~ .53  5 6 . 3 6  4 7 . 3~ P~~.54  5 6 . 3 7  4 2 . 3 ~
54.69 56.41 

~~~~~ 
54 .69 56 .4j 42.43

* (wat ts/cm 2 )

** (~isec)

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and the t ime for  1/2 maximum power was determined to be 51.72 microseconds.

It can be seen in Tables IV and IX that for those cases where the direct

component of the radiation is dominant , i.e., small look angles and h igh

source altitudes , the time of 1/2 maximum power is approximately 55

microseconds and the time of 1/10 maximum power is approximately 40

microseconds. The times to 1/2 maximum power and to 1/10 maximum power

tend to increase in those cases where scattering predominates.

The source angular distribution has a small effect on the times

of 1/2 maxImum and 1/10 maximum power. For small look angles, the
peaking of the source in the backward direction shifts the time of

1/2 first maximum by approximately 0.85 microseconds and the time of

1/10 first maximum by approximately 0.52 microseconds. For the 90-’

degree look angle, the average shift in the time of 1/2 first maximum

is 2.66 microseconds and th~ average shift in the time of 1/10 first

maximum is 1.13 microseconds ; however , for those cases where the source

is at 500 meters a l t i tude , the sh i f t  in time of 1/2 f i r s t  maximum is

as much as 7 .48  microseconds and the shift in the time of 1/10 first

maximum is as much as 3.78 microseconds.
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V. POLO CALCIJLATIONS FOR A 40—KM METEOROLOGICAL
RANGE ATMOSPHERE

POLO calculations have been previously reported (Ref. 14) for

receivers at synchronous satellite positions and sources within model

atmospheres having ground meteorological ranges of 3, 10, and 25 kin.
Dur ing the repor ting period addi tional POLO computations hav e been
made for a model atmosphere with a 40—km meteorological range at ground

level. The POLO calculations were performed for source altitudes of

0.1, 0.5, 3, and 10 kin, for source wavelengths of 0.4278, 0.5, 0.6,

0.75, and 1.07 tim , and for receiver look angles of 0 , 30 , 45 , 60 , 70,

75 , 80, and 90 degrees . Ten ground albedo values ranging from 0.0 to

0.9 were used. The POLO—calculated scattered fluxes were computed for
—8 —2delayed times between 10 and 10 secs. The source was taken in POLO

to be a point—isotrop ic Instantaneous emitter.  A description of the

atmospheric model and of the information made available in this new

data set, as well as a d iscussion of the usefulness of the da ta , are

contained in this section .

5.1 Choice of Wavelengths

Wavelengths had to be chosen such that an integration over

wavelength for a realistic source distribution and receiver response

in the TMTAU proc edure would give accurate data without use of excessive
computer time. Using data computed by use of the RADFLO computer pro-

gram for a low—yield device and assuming a detector response as given

in Fig. 9, the product of the RADFLO data and the receiver respcnse

function was calculated as a function of wavelength for different

emission times. The resulting data are plotted in FIg . 13. It can be

seen from Fig. 13 that the relative effectiveness of the radiation

reaching the detector system varies greatly with both wavelength and

time. For early time intervals , most of the radiation being detected

is in the range between 0.4 and 0.8 u rn with the maximum in the signal
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occurring for wavelengths in the 0.44 pm to 0.49 pm interval. For

later times, the wavelength at which the maximum signal occurs will

shift to longer wavelengths. For larger yield devices , it is expected

that the wavelength at which the maximum signal occurs for a given

time will shift to longer wavelengths since the smog absorption dt

small wavelengths is expected to increase with increasing yield .

It is expected that the POLO—calculated transmission dii: -
‘ -~

vary smoothly with wavelength. The decrease in the scattering ~nd

extinction cross sections result in scattered transmission data that

reduce in magnitude wi th increasing wavelength , whereas the direct

transmission tends to increase In magnitude ~itn increasing wavelength .

T~e magnitude of the total transmission cata changes more rap idly at

shorter wavelengths than it does for the longci wavelengchs . Therefore ,

it was decided that the POLO problems for the 40—km meteorological

range atmosphere should be run for wavelengths of 0.4278, 0.5, 0.6,

0.75, and 1.07 pm.

5.2 Model Atmosphere

The U. S. S~~ r~~atd Atmosphere , 1~~ 2 (Ref. 15) was used to cal-

culate the molecular scattering coetficient as a function of altitude .

The Elterman 1968 (Ref. 16) model was chosen to descri3e the aerosol

content of the atmosphere above 5—kin altitude. The value of the aerosol

coefficient at sea level for 0.55 pm was chosen to give a meteorolog ical

range of 40 km. The dependency of the aerosol scattering coefficient

between 0.0 and 5—km altitude was assumed to vary exponentially. The

dependency of the ozone absorption coefficient upon wavelength and ~~ti—

tude was taken from Ref. 9.

Deirmendjlan ’s Haze C model (Ref. 17) was assumed to describe

the aerosol size distribution for all altitud~~:. ~1TE calculations for

this size distribution have been performed previousLy (Ref. 13); the

dependency of the aerosol scatt .- ri n g and t h ~- aer ’-ol aL~~orption coeffi—

:~ o
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d ents for 0.5 , 0.6 , and 0.75 pm were , therefore , taken from Ref . 13.
The data for 0.4278 pm and 1.07 pm were calculated from Ref. 13 under

the assumption that the coefficients vary exponentially with wavelengths
between 0.4 pm and 1.55 pm.

The shape of the curve giving the wavelength dependence of the
0 aerosol scattering coefficient at sea level for the 40—km meteorologi-

cal range atmosphere was found to be slightly different from that used

prev iously (Ref. 14) for the 3— , 10— , and 25—km meteorological range
atmospheres. This difference results from the fact that for the 40—km

meteorological range atmosphere the variation of the aerosol scattering

coefficient with wavelength was based on the MIE—2 calculations for the

Haze C aerosol size distribution , whereas for the 3-- , 10— , and 25—km

meteorological range atmospheres the wavelength dependence of the aero—

sol cross section was taken from the data reported by Elterman for a

“clear standard atmosphere” (Ref. 16).

The angular scattering data for the 40—km model and for 0.5,

0.6, and 0.7 pm were taken from new MIE calculations (Ref. 13). For

0.4278 and 1.07 pm , the phase functions that were used for the problems

in Ref. 14 were used for the calculations for the 40—km model also.

Water vapor absorption for 1.07 pm was assumed to be negligible

in the calculations for  the 40—km model.

5.3 POLO Problem Parameters

There were 180 problems run with the TPOLtM version of POLO.

Four source heights (0.1, 0.5, 3.0, and 10.0 kilometers), five source

wavelengths (.4278, .5, .6, .75, and 1.07 microns) and eight look angles

(0 , 30, 45 , 60 , 70 , 75 , 80 , and 90 degrees) constituted a set of 160

problems which were run for two time ranges. One hundred sixty POLO

problems were run for the first time range while only 20 problems were

run for  the second time range. Each POLO problem computed the direct

intensity and time—dependent scattered intensities for ten values of

the ground albedos (0.0 to 0.9 in Increments of 0.1).
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The two time ranges, each containing 50 intervals , were chosen

such that an overlap of 30 time intervals occurred . The ear ly—tim e

range was from 0 to ~~~~ second with an upper bound for the first time

interval of one shake. All problems run in this time range were run

for  one look angle, 5,000 histories , a maximum of 20 collisions , and

five ground reflections.

A minimum weight cutoff of 5Xl0
6 
was used to terminate histories

for those photons whose weight was reduced below the cutoff value where

the photon weight is defined as the fraction of the source photon that

remains after undergoing absorption and scattering interactions. Biasing

was used with the sou’ce angular distribution to force more of the source

photons to leave the point source along directions toward the receiver

position and to force collisions to occur within an ellipsoid with foci

at the source and receiver positions so that the photons would arrive

at the receiver within a retarded time of 5X10 5 
sec . Biasing of source

directions and of collision locations was used in POLO to provide the

best statistical results for the early—time portion of the time—dependent

scattering calculations .

The second time range was from 0 to lO
_2 

second with the upper

bound of the first interval at 10
6 

second . All problems run in this

time range were run for all eight look angles, 1,500 histories , a maximum
—5&f 20 collisions and five ground reflections , a minimum weight of 5X10

and no biasing. Comparison of data from the two time ranges demonstrated

good agreement throughout the overlap region. The average ratio of the

early—time group to the late—time group in the last overlap time inter-

val which contained information (i.e., 4.5X10
5 < t < 5X10 5) was .996

for all problems with a 0—degree look angle and .821 for all problems

with a 90—degree look angle. Results for these two look angles are the

best and worst (respectively) statistically . A combined set of 70 time

intervals was developed by using data from the early—tim e group for the

first 43 time intervals (0 to 5XlO second) and the last 27 time inter-

vals of the late—time group (5X10
5 to lXlO

2 
second).
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An eight—digit problem number was associated wi th each of the
180 problems. Problem numbers were of the form MMLLLNJJ where MM was

the meteorological range in kilometers (always 40), LLL was the wave-

length in hundredths of a micron , N indicated the source height (N = 0,

1, 2, 3 corresponding to 0.1, 0.5, 3.0, and 10.0 kilometer altitudes)

and JJ was the look angle in degrees (except for JJ = 99 which indicated

all eight look angles were contained in one problem). Problem numbers

of data formed from combining on time were the same as the early—time

problems .

The direct flux and scattered flux integrated over time for

albedos of 0.0, 0.1, 0.2, 0.4, and 0.8 are tabulated in Tables X , XI ,
XII , and XIII as a function of look angle and source wavelength for

source heights of 0.1, 0.5, 3.0, and 10 kin, respectively.

5.4 Variations with Meteorological Range

Comparison of the POLO calculations for a 40—kilometer meteoro-

logical range with the data previously generated for the 3— , 10— , and

25—kilometer meteorological ranges shows for source wavelengths of

0.4278 and 0.75 pm that smooth semilogarithmic curves can easily be

fitted to the data as a function of meteorological range. The data

for the four  d i f f e r en t  meteorological ranges can be used to generate

other meteorolog ical ranges without additional POLO calculations . Plots

of this data are given in Figs. 14 and 15. SImilar plots for the 1.07—

micron data are given in Fig. 16.

In previous POLO calculations f or meteorological ranges of 3,
10, and 25 kin, the data for 1.07 pm were represented by an average over

the wavelength interval from 1.025 pm to 1.175 pm . This wavelength

range contains the H
2
O ~—band around 1.13 pm. From absorption data

g iven in R e f .  18, it was estimated for a look angle of 00 that the

~—band will reduce the averaged intensity within the 1.025 to 1.175 pin

wavelength interval by approximately a factor of 2 over that which

would have occurred if H
20 absorption were neglected , which is in good

agreement with the data shown in Fig. 16. For larger look angles , only
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small additional effects of the H
2
0 band are expected and there should

be no appreciable further reduction in intensity .

The data shown in Ref. 18 reveal further that there is no

sizeable absorption by H
2
O (or any other absorbing species) in the

range 1.00 — 1.07 urn. Even though the previous POLO calculations were

accomplished for three sub intervals rang ing from 1.025 pm — 1.075 pm ,

1.075 u — 1.125 urn , and 1.125 pm — 1.175 pm , no printout was obtained

for the data within these small subintervals and , theref ore , no direct
comparison with the new data , which neglected water vapor absorption ,

can be obtained .

5.5 Curve—Fit Coefficients for Input to TMTAU

To use the POLO data L’or a 40—Ion meteorological range atmosphere

in the TMTAU code requires that the data be expressed mathematically as

a series of exponential terms. Two codes , CFIT and DFIT, wer e developed

to curve fit the POLO data in this manner. The fitted data is output

in a format suitable for input to TMTAU. CFIT and DFIT were developed

from the TPOFIT code which was used previously to fit the POLO data for

atmospheres with ground—level meteorological ranges of 3, 10, and 25 km.

The POLO da ta are given as , I
~

(t) ,  the scattered flux at the
receiver within differential time bins . The curve—fit codes first cal—

culates the cumulative scattered flux , 1(T), as a function of retarded

time, I , b y

— 

1(T) = JT

A typical set of these curves is shown in Fig. 17. The family

of curves shown there is for a source altitude of 0.5 kin, a wavelength

of 0.6 microns, and an albedo of a — 0 .9 .  These curves were p lotted

from 70 da ta points f or times rang ing from io
_8 

to io
_2 

seconds. The

receiver angle parameter denotes the polar position angle between the
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radials through the source and detector positions . A drastic change

in slope for the curves plotted in Fig. 17 can be noted at the po iut of

inflection , T , for the curves for receiver polar position angles on e
through seven. It is at this time that the reflected intensity from

the ground starts arriving at the detector. The dashed line in Fig.

17 shows 1(T) for receiver polar position angle number one = 00) and

for a ground albedo of 0. In fitting the POLO data , a maximum of six

terms were used for the zero albedo case. A maximum of three terms

were used to fit the reflected contributions past time T .  Thus, the

data are expressed as:

i<6 j<3— — b T  — —b .(T—T )
a~e ~ +I (

2
_ 

~ a .e ~ 0 (1)
i=1 .1=1 ~

wher e:

K1 
= maximum 1(T) for  zero albedo case,

K
2 

maximum 1(T), including reflection , minus K
1,

T = earliest arrival time of reflected photons .
0

It is the function of the curve—fit codes to evaluate the a~ 4 a~ , b1
,

and b~ constants for each curve. The method used to obtain these con-

stants has been described in Ref. 3 as a “partitioned least squares”

method .

Data output from the curve—fitting codes consists of two files ,

print and punch. The print file is usually assigned to the line printer .

A sample print file output is shown in Table XIV and listing of a sample

set of the punch file data is shown in Table XV.

The sample listing in Tab le XIV shows onl y the f i r s t  35 of the

70 time points which were used . Pairs of curve—fit coefficients are

shown at the top of the page. Whenever a pair are both zero , this means

that less than the maximum allowable number of terms (6 for zero albedo ,
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TABLE XV. PUNCH FILE OUTPUT FROM C U R V E - F I T T I N G  PO L O [)ATA
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1 . 1

~ip F .127,955~~~ 06 .000CC 00 •0000E Co .0000E 00 .0000C 00
.~)O0OF 00 s0000E 00 .000CC 00 •0000E 00 .000CC 00 •0000E 00 .0000E 006.3000~ .3i
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1...coic.124.6111E 06 .0000E 33 .000CC 00 .0000E 00 .0000C 00
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1.A~ 0f~~.t24.61t1E 06 .000CC 33 .3030C 00 .0000C 00 .000CC 00
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TABLE XV. ( C o f l t i- u cd )

P~ o5C44(’.173~ EC ~3tQ1.t .9663E .11 1X ~i. D/S .436TC~~IT•1.50O0E.05
1 .~~~~~*F.11~~ .59~~1C.1?3.139j~~ 339•3303E—125.5455E 0**.2*70E—127.6339E 05050173 5 1
9 .~~~~~~~~~~~.~~~3~4 .~’7MRC 06 .003 CC 30 .300CC 00 •0000E 00 .0033E 30

.330(’I€’ CO .000CC 00 .0000C 30 .300CC 30 .000CC 00 .000CC 00 .0003E 3 Q 5 . 3 0 3 3 g - 3~1.i.~~~~~~~113.5i491 E 123. t39 1C 339.3303C.125.5455( 0’.4.2470E—127.6339E 05053170 s I
9.~-33 — 13~~.27a~oE 06 .0030C 30 .3030E 00 .000CC 03 .0000E 00
5.?7~~’.F 12te342*E 1P3.5677E 031.4720C.1?7.049~ E 04 .000Cc 00 •0000C 0 3 1. 3 0 3 0 C — ”~t . L ’.11~-.5*91E— 123.t391E 339.3303C.125.5455E 044.2*73E~~127.6339C 053~~3173 ~ 6

Q.’. 3 ~ V.13~~.27M~ C 06 .0000C 00 .003CC 00 .000CC 00 .000CC 00
1. 5C5~ .j13.$~ 1eE.123.*799E 033.I266C~~126.9561( 04 .000CC 00 .0000E 037,33~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 339.3303Est25.51.55E 044.2470E 127.6339E 05053173 5
9.~~~~~~~~~3 s . 27m ~~E: 06 •0000C 30 .3000E 00 .0000C 00 .000CC 30
2 . 4~~~~F_ 111 .1 .679 C. 123.A819r - 3 6 . 3 5 2 7 C — t 2 6 .~~80* E 3’. .0000 E  00 .000CC 3 . 1 7 ’ 3 0 3 0 E —  - -
P R 0 BC ~~O I 7 5~~CC 6 C I ~~I . t . 4 P 7 t E ~~~ 1 ‘. 1I’~ 0/ S•  .‘.‘.0TC ’~I I . 1.5 0 O 0E .C $
I.* 7C 11~~.25t5~~~t23.Q974E 33’%5050C—t24.5665E 0’~3.09t’.E—12’..O913E 35 3 53 1 7 6  5 1
1. 7’m~~~—1?3.54.,7E 06 .003CC 30 .3000E 00 .330CC 00 •0000E 00

.j . ) C) (~F 00 .000oE oa .003CC 30 .000CC 00 .000CC 00 .000CC 00 .0000E 305.003:-C- ~
j,, 7F.113.2~ t5C.j23.Oq74~ 036.5050E—124.5665C 043.0914E—124.0913C Ososoiis S I
t .7 1~~ ’.~~.I?3 .5*67E  06 .0300t 30 .3030E 00 .000CC 00 .300CC 00
9.~~F.6~~E—121 .C165C.123.*S38C 031.3116C—t26.7550C 04 .000CC 00 .0000E 00,.0033~ — oa.
1.**?7F. . t 1 1 .2 5j 5 E .j 2 3 .0 9 7 4 E  0 3 6 . S O S O C — 1 2 , . 5 6 6 5 C  0 4 3 .0 9 1’ . C— 12 4 .0 9 13 E  0505317 5  6
1 . 7 I J . I c ’ . . 1 2 3. 5 4 6 7E  06 .0000E 30 •303 0E 00 .000CC 3. .0000C 00
9 . 1 1 6 C . . 12 2 . 9 1 1 7E 1 23 . A 8 6 7 C  0 3 3 . * I i . 4 E . 1 2 6 . 7 2 0 1 C  0’. .000CC 00 .000CC 30i..D303~’-i’.1 . * M ~~7 V — l 1 3 . 2 5 t 5 C — t 2 3 . O 9 7 4 E  03 4 50~~0 E . 1 2’ . . 5 66 5 C  0 4 3 . 0 9 1 ’ . E 1 2 4 . 0 9 1 3 E  3 5 0 5 3 1 7 5  6 ~
I . 7 i m * c ’ — 1 2 ~~. 5 4 6 7 E  06 . 0000E  00 . 3 0 0 3~. CO .0000C 30 .000 CC 00
1 .~~ ’~~~1F . 1j 5 . 3 3 ~~4C.i ?3.~~~ 0éE 0 3 5 . 6 4 63 E . . 1 2 6 . 6 5 5 0 C  3~ .000 CC 00 S0000C 03’..333 F - ‘~

p-U.435Oj~~0RFC 70 1 R 1.7 .$ 1 77 E . 1 2  MIN D/ s ’  .3 9 4 T C ~~! 1a 1.5 0 Q 3F .0 g
i.~~~I~1r.112.92t7C—t23 .7316C 034.39’.5E’12’..’.52~ C 041.5526E.j22.3745C 3~ 35 31~~3 7 1
i . e.-~~6uW.12j.9096C 06 .0000C 33 ‘300CC 30 .030CC 00 .000CC CC

.3~~~ 33 .Q3O0~ 00 .0000E 00 .3030E 30 .0000E 03 .0000 E  00 .33 0CC 30~~. D - ~3 : E - ~~
1. 3 ’ . * 1~~ . 1 t 2 . 9 2 1 7 C . 1 ? 3 . 7 3 t 6 E  334.3945E—12’..*s~ 5E 04t.5526C—iP?,3745E_35353j~~31.4064F.121.9096C 06 .003CC 03 .3033. 30 .000CC 00 .000CC 03
t.M?6IC.127.2* C.133.*531E 338.240~ E—136.492OE 04 .033)C 00 ‘0300E 0O2.5333C— ~~,t.’~a.~~ir.lt2 .92t7C .t23 .7316E 034.3945E—t24.*52~ E O’.t.5526E—122.37*SE 35353153 7 s
i. ’~16’.~.12I.909~ C 06 .003CC 30 .3003E 00 .0000E 03 .0 0 0 C C  00
4.44 t~~~—122.0325E.I23.*547E 332.0922C—t26.435~ E 3’. .000CC 00 .033CC 3O2 .5030F— -~’1.C’..(1~~.11?.92t7C.123.7fl6E 334.3945E—t2’..~,~~25E O’.ts5526E.122s3745( 05053t~~3 7 -

~
1.6~Io’.C.12j.9C96E 06 •0000C 30 .3303E 00 •0030E 33 ‘000CC 00
e.1 *1i.~ .1?3.6643E.123.~~509E 333.3~ 62C—126.3829C ‘. •0000C 00 .000 CC 0 0 2 . 5 3 3 C C — 3 ~.
PQOSOSOI90PcC SOIQt~~5.5S83E— 1M M I N  D/ s •  .0OQTC~~IT•2.50QOE—068 . 7 c 3P ~~. t 3 6 .2 0 A* C . t 3 5 . 5 S3 1 C  332.6294E—133.440’.E 0* .0000E 00 .000CC 03350190 * I

~~~Jfl~ 00 .000CC 00 .C000E 30 .3030E 00 .0000E 00 •0000C 00
.ooJr~C 00 .000CC 00 .0000C 00 .3000C 00 .0000E 00 .C 000 C 00 .0300C 0 C s . 3 3 3 o C — : ~8.”~3’~~— 136 .2 0 *s C•135.553tE 0 32 . 6 2 9 ’ . C— 1 3 3 . 44 04 E  0’. .0000C 00 .3000C 000 53 190  M 3
.0~~J~~C 30 .000CC 00 .000CC 03 .3033E 00 .000 CC 00 .0000C 00

j.1 7~ 4-F.131.2407C.l37.5OaOE 33 .0030E 00 .0000E 00 .000CC 00 .000CC 001.3333E-:’,

~ .753’~ —136.205~ C—135 .553tC 0 3 2 . 6 2 9 ’ . C — 1 3 3 . * 4 0 a , E 0’. .000CC 00 .000 CC 330 i319  ~. 3 0 0 W  00 .0000E CO .003C C 30 .300CC 00 .003CC 00 .000CC 00
3 . 1 A9 ~~F .133 .327~~E . 137 . O634E 33 .3030E 00 .0000E 00 . 00 0 CC 30 .333CC 3 3 1 . 0 3 3 3 E . T 4 .
e.7532f.136.2055E.135.5N3tC 332.6294E.133.’.ipO’.E 0’. .000CC 00 .000CC 0J0~~DI93 ~ q
.r~).)r)F 00 .0000E 00 .0fl30C 00 .303CC 00 .000CC 00 .0003C oo

5 . 4 .~~3~~. 73 q 9 C — t3 6 . 6 3 5 9 C  03 .3033E 33 .0003E 3 ,  .3333E 30 . 000 CC 3 0 1 . D 3 3 J F - : ’ .
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9 for other albedo cases) were used to fit the curv. - . The number of

terms to be used is a user input option t- :I the 4urvc— fitti ng codes .

The column headed POLO DATA in Table X I V  i~ the cumulative sum

of the POLO data; the column FITTED DATA is the cumulative sum calcu-

lated by the code using the curv~~- fit coelficic nts . The STAN,).d\1) DEVIA-

TION AND PERCENT ERROR are calculated ~n the standarj manner and refer

to the difference in the POLO DATA and the FITTED DATA in t1~ e~~L pu t

from the CFIT code. If the output is from the DFIT c- -dc , then they

refer to the difference between DIFF DATA and DERIVATIVE . The DIFF DATA

is calculated numerically from the POLO DATA as ~iI/.~t , whereas DERIVATIVE

data is the analytic deri’.~ative , dI/dt , of the curve which is produced

by inserting the curve—fit coefficients in the above equation. Both

codes make several tries at Renerating an adequate set of curve—fit

coefficients . Each code selects the best set of these coefficients

based on the standard deviation calculated ,Iver all time points.

The problem parameters used to define the POLO problems for

which curve—fitted data were generated are shown in Table XVI. The

curve—fit parameters were all generated using the CFIT code. An eight—

digit problem mber is associated with each of the 160 prob lems . Prob-

lem numbers are of the form MN LLL N XX .coere:

MM is the meteorological r~~ oe in kilometers ,

LLL is the wavel~-~-~~th in hundredths of microns ,

N is associated with the s:’urce heigh t (N = 0,1,2,3

corresponds to 0.1 , 0.5, 3.0, and 10.0 ion),

XX is the look angle in de~ iecs .

L 

The POLO problems for the 40—km meteorolog ical range atmosphere were all

run for detectors positioned at synchronous satellite altitude. In

Table XVI the XX number always varies over each eight—problem set as

0, 30 , ~a5 , 60. 70, 75 , 80 , and 90. For each problem curve—fit data

were obtained for ground albedo values of 0.0, 0.2, 0.5 , and 0.8.

The punch file output shown in Table XV is a sample listing of

a selected part of the data which now exists on punched cards. The
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TABLE XVI . SEQUENCE OF CURVE—FITTED POLO DATA FROM CFIT PUNCH FILE

40-KN METEOROLOGICAL RANGE

SEQUENCE PROBLEM SOURCE WAVELEN GTH
NUMBER NUMBER ALT(kj n ) OF SOURCE (~ m)

1—8 400430XX 0.1 0.43

9—16 400500XX 0.1 0.50

17—24 400600XX 0.1 0.60

25—32 400750xX 0.1 0.75

33—40 401070XX 0.1 1.07

41—48 400431XX 0.5 0.43

49—56 400501XX 0.5 0.50

57—64 4006O1XX 0.5 0.60

65—72 4007-c LX X 0 .5  0 . 7 5

73—80 401071XX 0.5 1.07

81—88 400432XX 3.0 0 .43

89—96 400 502XX LO 0.50

97—104 400602XX 3.0 0.60

105—112 400752XX 3.0 0.75

113—120 4010 72XX 3.0 1.07

121—128 400433XX 10.0 0.43

129—136 OO5O3XX 10.0 0.50

137— i64 400603XX 10.0 0.60

145—152 400753XX 10.0 0 .75

153—160 401073XX 10.0 1.0 7
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format of these data is compatible with the input requirements of the

TMTAU program. Note that in the problem number, the number 40 has

been dropped as a prefix. The angle set which is the last two digits

ref ers to the look angle rather than receiver angle.

Curve—fit coefficients of the POLO results for the 40—kilometer

visibility atmosphere were generated for four different values of the

ground albed o, 0.0, 0.2, 0.5, and 0.8, and these data now exist on

tape at AFTAC. Since the TMTAU procedure assumes that curve—fit data

for ten values of the ground albedo are on tape, the remaining data
(data for ground albedo values other than 0.0, 0.2, 0.5, and 0.8) were

given values of zero and stored on the tape in the appropriate places .

Theref ore , the existing version of TMTAU can be used with the 40—km

meteorological range data if the ground albedo requested is one of the

four mentioned above. The data resides on tape number 001706 (a standard

label , TAPE9 , external label FORTYKM—RBL , tape) in three forms.

Label 1 (DSN FORTY) contains card images of the data for only

four values of the ground albedo. Label 2 (DSN=FORTY1O) contains card

images of the data spaced for all ten albedos. That is, there are three

blank cards inserted for the data for each missing value of the ground

albedo. Both label 1 and label 2 have DCB~ (RECFM=FB ,LRECL~80 ,BLKSIZE=

3200).

Figure 18 shows the data for problem 40043300 as it resides

under label 1. Label 3 (DSN.-FORTYB) contains the curve—fit data in

binary format which is the required format of the TMTAU and TMTRFO1 pro-

cedures. Label 3 has DCB~ (RECFM~VS ,LRECL=92,BLKSIZE—32O0). Problem

numbers for the data are those discussed above with the exception that

the card image data shows the problem number modulo 40000000 .

Figure 19 shows a list of the header cards from the 160 prob—

lems which reside on tape 1706 with the addition of a sequencing number.

On cards , the P in PR03 is in column one.
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C)) (‘~ ~D LI”. CD LI”. C)
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‘0 CD’0 C) ‘0 CD ‘0 C)
~~
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- CD ~~ CD 

~~‘ C)
N C) N C) N C) N. C)
t1 L U~ C) U~ Lfl CD

~~~It\ If) LI\ it’ 0
C’ C’.l C) C. (‘.~ C) CD C’J CD C) C”J C) C)
I —4 CD (T~ —4 C’ C) .—4C) C)..—4 CDC)

W I  I I I
C)W W W W W W W W WW W W  0
CT- N C) CD N C) C) N C) C) N CT C) 0

C) N C CD N C) C) N C) C)N C. C ‘l’
L(\ .-4 C) = ‘-4 CD C) .—4 C) C) .-4 C) C)

LI’ C U”. C) C) U”. C) ~~ U”. CD C)
-4 -4
II (~ C’.) (\ C’.) .0
)— N)C)CDN)C’ C)t ) C)C)N)C)C) 0
— C D C ) C ) C . C . C ) C . C ) C DC D C D C )
cr
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a) t ~~ C) ‘)‘ C~ C) ~ CD CD’.~- ~~ 0
C) C) C) CD C) ‘7 CD CD

‘7 ‘7C) C)’7 CD C)’7 C) C’)’7 CD C)
0
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C) C) ,-1 C) CD ~-) C) C) .—i C) C)

It ,-WCT C)CD~~~ .4C) C) -4 C)C),

(1) 1 I I I S
“..WWLLI W L!JWU. LLJ W UJWW w
C) C) CD C) CD C) C) C) CD CD CD C) C)

U’. C) CD LI. C) CD CI’. C) CD LI”. C) C)
N) CD CD N) CD CD D C) C) N’) CD I’)

— C’..) ~ZCD(’JCC)(\’ CD CDI’.) (DC) 

.-4 ,-C -4 •—4 0
0

C) C) CD CD C) CD CD CD CC) C) C)

LU W W  LU LU IL LU LU LU W W  W W
(‘J0’C )C)0’CDNO’C)LI’.O’(TJ lfl
( I ) N ) C ) C ) N D C ) t 4 ) N ) C )  C)t

~~~~CDC’

‘7 0 C) C) 0. CD ‘(t 0’ CD LI”. 0’ CD II”.
L0 0’C)C)0sCDN)O’C)C\J~~ sCD..-4

0
LI’.’7 ‘7 -~‘7 ~1’7 ~ 4
IS ~ 1 N CD ~ ) N -4 ,-4 N. .-l .-3 N ,-4
_ - 4C)C)-4 C )- 4- 4 C_-4
a. S I I i S t
— W W W  W UJ W UJ W U J W W W

.-~ Q~ N) C) 0’ 1) O~ 0’ N) (‘4 0’. p~) 0’N N C) N NO s N ~ - C ’ J N r~- C )
0.7 ,—. CD ’.7 .-40’7 .-IND ’a- .-4 -.-4
W 

tr ‘—I N) -l N) -~~N”.Lf’. .-4 N)0’.
C) ,1 N’) C) v.4 N) v.4 4 N’) .4 4 N) ...1
C) ,-4 ,—4- C_) ._4 ,-.4 ,—l ,-.4 ,-4 ,—t ’.-4 ,.-4 ,--l

N’) S I  1 1 1 1 1 1 1 1
N) U) LU U) LU W U) LU LU U) LU LU LU
‘7 LI. N- C) LI’. N’. C) U”. N (‘4 (1’. N N)

C) C”.) C) C) C\’ CD CI) (‘4 C) N (‘.J C) (‘4

CI) ‘-40 0 CD ‘7 -.-4 CD 0’ v.4
O C) 0’ C) CD 0’ N CD 0’ ‘0 CD 0’ r’l 

Q. N)(\j N) C’J’7N)(’Ja)
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1 PROBO 43300REC 1D !R! 5 .5482E- 11 ~i1’~ [)/ S: . 44~~T T :i .~~~~~)~~— - 1~’
2 PRO~3O 4333QREC 2D!-~I:5.21 99E— it ~~~ 2/ ~~ .~~O 5 r C R ! T , 5 f l : O~~_ J~’.

PR0~3 04 3 3 4 5 ~~EC ~fl IR t :4 ,8161E—i1 TM !N 2/S: ~~~~~~~~~~~~~~~~~~~~~~~4 PPO~~~4336O~~EC 4DI~~t~~4,22O9E—1.~ ‘1~~~ O/ ~~~ . 6~~E~~ C R 1 T : ~~ .~~~~ - O 2 — ) ”
5 P R 0 9 0 4 3 3 7 3 R E C  5 D I R !~~3 . 6 2 3 2 E - 1 1  ~ !N 01$:
6 P P0BO 43375~~EC 6 f l T R I~~3,1R 44E—ii MI N  fl /c : ~~~~~~~~~~~~~~~~~~~~~~~7 ~‘.P 0~~0 4 3 3 8 0 R E C  72 1 R 1t 2 . 5 3 5 6 E — 1 1 .  M I N  ~ / S: . 2 T C Rj T : 1 , 5 C T ~G E — u - ’
8 P R f l~~043390REC R 2 1 ’ ! : o . 5 6 4 9 E — 1 3  -‘~ IN ~ /S .2C 4TC~~IT l. COE ~~~”

~ P k 0 3 0 5 0 3 0 ’J REC 1D I R I :5 ,7 14 1E— 1 1  M~~- - - D / S :  .5~~0 ’ - C~~IT : l.~’ ( - f l 0 E — O 8
jO Pfl O8 O 5 O 3 3 O R E C  2D~~P 1:5 . 4 0 0 4 E_ ij .  ‘l\  2/ ’~~ .~~7~~~~ R~~T : l . 5 C 0 O E _ j ~
ii pR0~~Q5Q345~~Ec 3flIRj:5 .3228E~~1j ~~IN 2/5: . 2TC~~1T:1.5C0~~~— T~
12 P~~08050360REC 41~~RI :4.4766E—11. 

‘
~~
!‘
~ f l / S :  . 4TCR IT :1,~’C 3C E— ~~

i3 PRO~~05 O370RE C 5DIPI :3.9476E~~1 t U !N  2 /~~~~: l. fl~~2TCR I ’T:1 ,5C 0Or _
~~

i~ PR 08 0 5 0 3 75~~EC 61 IR 1:3. ~650E— 11 ~ !N fl/S : 1. ~~ f l T fi~R 11:1 ,~~0 3 0 E - O &
j 5  pR08 05 0 3 80R E C 7 D I P I :2 , 9 9 5 0 E_ 1 1 .  ~ IN Li/S: 1. 5TC~~I~~:1,5000E-.~~~
16 PROBO 5O 39OREC 8~~I~~t=2 . 4613E-12 M IN fl/5: .P~~4TCRIT :1, 5 0 O fi~~-fl8
17 PR OBO 6O 300REC 1DIR I :5 .6869E—11 ~ IN~ D / S:  ,558TCR IT :1,50 00E—0 ”
18 PRO~~0 6 O 3 3 O R E C  2 D I R I : 5 . 3 7 0 9 E — 1 1  ~4 I N  EJ/’~: .62~~TCR 1 T :1 , 5O O O F -~~
i9 P R O B O 6 O 3 4 5 R E C  3 D ! R I : 4 . 9 8 7 4 E ~~j.1 M I N  n /S r  .7~~flT C R I T :1 .~~(J 0 D E _ fi 8
20 P R O B O 6 O 3 6 O R E C  4 ’ J I R I :4 . 4 3 5 2 E — 1 . 1 1 I N ~ fl/ c :  .~~4 3 T C~~1T : 1 .~-.’ C 0 f l E — 2~21 P R 0 B 0 6 0 3 7 0 R E C 5 D t R I : 3 . 8 9 5 3 E ~~1i ~tN D/S : 1.~ .7 8 T C R ! T : 1 ,~~c O 0 E~~(~E
22 PROBO6O 375REC 601R1 :3 ,5069E—l1 ~IN D/S: l. 4 0 6 T C R I~~: 1 , 5 2 0 0 F - r ~
23 °PO~~06O380REr 7DIRI :2 . 9323E—11 TM I N  fl/S: ~~~~~~~~~~~~~~~~~~~~~~~~
24 PP0B06039U~~EC 82Ic~1:3 .6454E_12 M IN ~/ S :  1. 693TCR 1~~~~ ,5 D~~0fi’~~~
25 PROBO 7S300RE C 1DIR :5.9963E~~t1 M I N  fl/c : .564TC ~~I~~:.5CO Q E — f i b
26 P R O B 0 7 5 3 3 0 R E C 2 2 1 R 1 : 5 . 7 0 9 5 E — 1 1  T M I N  f l / 5 :  . 6 4 1T C R IT .5 flEi~~. c ~
27 PR OBU7534SRE C 3DjR j:~~,3747E~~11 ~~1N D/S: .7’57TCRIT:1, 50 CO E_ ~~
28 PR0B075360~~EC 4DI RI:4 ,92k32E-1i ‘~IN 2/S: 1.O2 9TC D IT :1.SflOO _ )P

29 PR0R~)75370REC 5DIRI :4 , 54~~1E~~ii MR D/S: i. 32~ TCR I T :1.5CU C F- U~
30 PT~QB075375PEC 621R 1 :4 .2 1332E_ 11 1

~ IN D / S:  1 . 6 0 f l T C R T T : 1 .~~C 0 fi E - P~’
31 PP08075380REC 7D1~~I=

1 .917eE—1i M IN T’ /S: 1. 9 8 2 T C P I T : i .~’C 0 L E — 0 0
32 P R O B O 7 S 3 9 Q R E C  8D !RI:1,3617E .11 M I ’ .. 01$:  ~ .30 F ’TC RIT :i.~~C C L E — 0 r
33 P R O 8 1 O 7 3 0 0 R E C  1 D I R I : 6 . 0 9 2 R E_ i 1  MR PuS: .~i0 1TCR jT: 1. 5 Cc -0 E — C d
34 PROB IO733QREC 2PTR! :S .8157E~~i1 M I N  f l / c ’ : . 6 7 ~~T C R IT : 1 . 5 I ’ O C E - L ’ ~
35 P~~081073 45REC 3DIR I :5, 4974E_11. M IN D/S: .~~0~~TCRI T :~~.5flC CE .0S

~6 P R O R 1 0 7 3 6 0 ~~EC 4fl~~~I:5. 0H77E~~11 M IN p/c : 1 .1O 6T 2R IT :1 ,500C E_ J C
37 PROB1 07370F~EC 501R1 :4 .7553E_ 11 M IN fl/~~: i .4c4TCR 1T :1.~~0~~0 .0C
38 PPOBI~~7375REo 6rtRt :4 .55i6E~~tj “~1N D/S~ i, 74B TC R1 T: 1 ,5CCCr .’ fi~’
39 P R 0 8 1 0 7 3 8 0 R E C  7 t J I R I : 4 ,2 816E ~~11 M I N  D/ S :  2 .2~” 4 T C ~~T T : 1 , ’~U C 0 E — r P
40 PR~~~107390RE2 8 D i R I : 2 . 3 0 2 5 E ~~11 M IN 0/5: ~~~~~~~~~~~~~~~~~~~~~~

Fig. 14. Header Cards for Curve—Fit Data on Tape 1706

65

- --~~- - — —- 
~~

—- -



41 PR O8fl 43IOORE C 1D IP I~~3.92i6E— 11 M IN 2/5: .2?6TCR !T :1, 5000E-0~42 P~ Q804313n REC 2DI R I~~ 4978E—ii. M I ’ .  f l / 5 :  2 4 3 T C R I T : I , 5 C O O E — O b
43 PR0!3O43j,4 R ~~ 3DjRI :2 95ii.E~~ii. ‘ ljN C l ” ' - .7~~9TC ~~1 T :i.5 (?O0E-C&
44 PPOBO 431t,OREC 4DIRI :2 .i.149E.11 M I N  D/S: ~~~~~~~~~~~~~~~~~~~~~~~
45 PROBO 4317OREC 5D IR I l .3254E—11 M I N  D/S: .2 70TC~~IT :1.50C0E~~0~
46 PROBO43I75REC 6DI R I= ~~.4988E—1 2 M IN fl/S: . 2 4 4 1 C 0 1 T : 1 . 5 C C C E _ C - b
47 PR080431.8OREC 7DIRI :3 .6527E—1 2 M IN D/S: .171TCRjT :1.~~O0 3E— 0~
48 P~ 0B043190REC 8D !RI~~3.1924E—20 M I N  D/S: .000TCR IT :2 .S000E_ fi 6
49 PRORO 5O 100REC j2 IRI :4 ,4921E—i1 M I N  D/S~ .281TCRIT :1. 5C0G E~~L~
50 PROBO 5O1 3OREC 2 0IR I~~4.0915~ —1i. “ u N  7/ 5 :  . 3 1 4 T C R I T : 1 . 5 C 0 O E - ~~
51 PR0B0~~C145REC 3D IRI :3.5754E.j,1 M Ii’.J D/S: .353TC PIT :1,5000 E— ~~
52 PR0 13050160REc 4D IR Ic2 . 7730E—11 M IN 2/ S :  .4 1 1 T C P T T : 1 , S 0 0 0 E _ C D
53 PR0~ 050j,70REC 5DI RI:i .9663E~~~1 MI -N 0/S: . 4 3 6 T C R I T : 1 , S 0 0 3 E — f i c
54 PROB050175~~~C 6DIRIx 1.4271E~~11
55 PR O F 3O 5 O1SO RE c 7 D IRI :7 . 8 17 7 E . 12  ~1IN 0 /$ : . 3 9 4 T C R I T : 1 . 5 U 0 O E - ’~
5~ PROBO5O I9OREC 8DIR 1~~8.5583E-18 ~~IN 2/S: , 0 O ~~T C P I T : 2 . 5 C 0 U E - f l~
57 PROBO 6O100R EC 1D 1P I~~4.7961E—1 1 M IN D/S: .346TCRIT :1. ’00flE- ~~
58 PR3BO6O 13OREC 2DIRI:4 .4129E—11 M IN OhS : .3R 4TCPIT :i. 5fl~~~t- U.~
59 PROBO 6OI45REC 3DtRI ~~3.c223E—1t M IN D/S: .433TCRIT :1 .5rO -~~
63 PROBO 6O1 6C1REC ~~~~~~~~~~~~~~~~~ MR fl/S: .52 2 TCR j T :1 ,5O 02fl—C~’
61 PR0B060170~~EC SDIi RI :2 . 381ôE.11 M IN D/S: .60~~TCR !T :1. 5~)0CF -~~
62 PRfl~ 060175REC 6DIRI :1, 8385E~~1t M IN D/S: .643TCR 1T :1,~~0O-5 E -~~
63 P R Q B Q 6 0 1 8 C ~~Efi ~~~~~~~~~~~~~~~~~~~ M IN D/S: .626TCR IT :1.~~~~- —~~ -
64 PR09060i90~~E-C 8 01R1 :3.2669E—1 6 M I N  D / S :  ,00CTC R IT :5.C- 7C ~’E —fl 7
65 Pf ~0 B 0 7 5 1 O 0~~EC 1DIRI :5,3391E~~1i. M IN P /S t  . 3 9 5 T C R I T : 1 , 5 r C C E - f i~
66 PR08075l3~)REC 2fl 1 R 1 = 4 .9944E—11 M I ’~ D /S:  . 4 6 3 1 C P !T : 1. N f i 0 T~~-(H
67 PR08075145REC 3D IRI~~4.5636E—j1 - 1 I ’~ 0/5: .50 9T C RI T :1. 5O flCE —~~’
68 PR O R 0 7 5 1 6 0 F ~EC 4DIRT :3 . 9129E~~1i M IN  D/~~: .643TCRIT :1 .50U~~~~2~
~9 PRO PO 7517OREC 5DIRI :3 .2451E—1 1 M IN 3/ 5 :  .7 6 5 T C R I T : 1 , 5 f l ë — ~~
7C P R 0 R 0 7 5 1 7 5 ~~EC 6 D 1 R 1 2 , 7 5 4 7 E- 1 1  ‘ . I N  f l/ 5 :  . 8 5 7 T C R ! T : 1 , 5 0 f l —L ~~
71 P R O R O 7 S 1 B ( J R E C  7D I R- I~~2 . o 4 7 4 E — 1 1  ‘ u N  f l /S :  . 9 1 7 T C R I T : 1 , 5~~~2 E — 0 P
72 P P O B O 7 S I 9 f J R E C  3D I~~I = 1 . 2 8 9 4 E — 1 4  MR D/ S :  . f l 0 5 T C~~IT :~~.~~~ IJ~~- _ O 7
73 PROBI. O 7 1 0 0 R E C  1 D I R I z 5 . 6 6 C 1 E ~~11 M I N  D/ R :  . 4 7 ~~T C R I T : 1 . 5 2 f l C F ~~1 r ~
74 PRO~~1G7j . 30R I~C 2 D I P I : S .3 4 2 5 E — 1 1  ~ I r - ~ ~ /~~: .5 l 2 T C R I T :1. . ’ — ’ . C C~~

_
~~ ’

75 PP0R107 45PEC 3rIR I :4 .9559E~~11 M R  fl/c _ .6fli T fl~~jT :1. ’L C : c - _
75 PR0P~~07 1~’0~~~c” 4 [)IRI~~
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VI. METhODS FOR FOLDING TIME— AND SPECTRAL—DEPENDENT
SOURCE AND ATMOSPHERIC TRANSMISSION DATA

The two programs , TMTAU (Ref. 3) and POLY (Ref. 1), were pre-

viously developed for use in folding a time— and wavelength—dependent

source term with atmospheric transmission data generated with the POLO

program . These programs have both been 1i~proved during the past year .

Both programs were originally developed to determine the time—dependent

response of a wide—band receiver to the radiation transmitted through

the atmosphere after being emitted from a time— and wavelength—dependent

source. The total radiation 1(T), as a function of time T at a receiver

from a source S(X,t) that has transmission I(X,t), and a detector

response R(X), where X is the wavelength and t the time, is calculated

with the double ...ntegral

T

1(T) = R~~)dX S(X,t)I(X,-r— t)dt

xl 0

The major difference in the T~ TAU and POLY programs is that

the POLY program utilizes the source and transmission data expressed in

tabulated form , whereas the TMTAU program requires that the transmission

function be expressed as analytical function of a particular type.

In previous versions of the TMTAU program , the transmission

data were limited to that for three wavelengths and the time—depe~dent

source data for the same three wavelengths were computed by TMTAU f rom

blackbody scaling laws devel op ed b y T. White (Ref. 3). Subsequently,

the TMTAU program was modified to allow the use of other source data

such as that generated wit h the RADELO program . Later , another version

of TMTAU was developed which removed the limitation that the source and

transmission functions be defined for only three wavelengths. This new

version of TMTAU , des ignated (TMTRFO1) , does require , however , th at the

source and transmission functions be defined for Lh t exact same wave-

length values.
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Examination of the wavelength dependence of the source data

generated with the RADFLO program, which is currently being used in the

TMTAU and POLY progr ams, lead to the conclusion that the source data

should be defined at more than three wavelengths. The variation with

wavelength of the atmospheric transmission data generated with the POLO

program is much smoother than the source variation with wavelength .

Therefore, a computer program designated POLICE was written to generate

the curve—fit coefficients required by TMTRFO1 which predict time—

dependent transmission data for wavelengths other than those obtained

with the POLO program. A description of the POLICE program is given

in the following section of this report .

The POLY program approximates the convolution integral through

applications of various f rms of numerical integration to the raw POLO—

calculated atmospheric transmission data and a tabulation of the product

of the source term and the detector response function. The main advan-

tage of the POLY program is that it eliminates the need to curve—fit

the atmospheric transmission data. In the POLY program , the times and

wavelengths used in the definition of the source term do not have to

correspond in number or value to those used in the definition of the

transmission data. Tnternal to the POLY program , an interpolation of

the transmission data over wavelength is performed to define the trans-

mission versus time for the wavelength values used in the definition of

the source terms . A third set of times is used to specify the particular

time values for which the time—dependen t power at the detector is to be

determined .

6.1 Code for Generating Curve—Fit Coefficients for Wavelengths
not Considered in POLO Calculations

The POLICE code was developed to generate curve—fit coefficients

for input to TMTRFO1 which will predict time—dependent scattering data

for wavelengths other than those run with the POLO program. The POLICE

code aliminates the necessity of excessive numbei’~ of POLO runs to gain



a suff iciently fine wavelength structure for the data used in TMTRFO1.
The code is variab ly dimensioned and is written in FORTRAN for use on

an IBM system.

The direct flux for the wavelengths not treated by POLO is

calculated optionally in POLICE by interpolation over wavelength of the

direct fluxes computed with POLO or by use of the subroutine DBEAM .

This is the same subroutine that is currently used in POLO to calculate

the direct flux at a receiver position.

Curve—fit coefficients for the scattered fluxes at wavelengths

not considered in the original POLO calculations are optionally calcu-

lated in two ways. Coefficients used to define the “standard” wave-

lengths (0.4278 p , 0.75 ji , and 1.07 ~i) are interpolated by constructing

an interpolating polynomial of degree n—l to the natural logarithms of

the coefficients , where n is the number of standard wavelengths , and

then evaluating the expression at the desired wavelengths. The inter—

polating polynomial is constructed using the divided difference method

(Ref. 19). Time—dependent scattered flux data for the standard wave—

lengths are then generated from the coefficients for a time base which

is user—controlled. Scattered flux data for the standard wavelengths

are then interpolated over wavelength for each time in the same fashion

as were the coefficients and the results temporarily stored . For each

new wavelength, a comparison is then made between the data generated
from the interpolated coefficients and the data interpolated from the

standard data evaluated on the time base. If the comparison is acceptable ,

the interpolated coefficients are eventually output; if unacceptable , the

data which were interpolated from the standard data evaluated on the time

base will be retained for curve fitting.

An option in POLICE will allow the user to calculate the scat-

tered flux at wavelengths other than X = 0.4278 ii , 0.75 ii , and 1.07 ii

by interpolating on a “build—up” term which is derived from

I
s
(t,x) = tD

(X) B(t,X)
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for A 0.4278 j~ , 0.75 ~~, and 1.07 p, where t is time, A is wave1en~ tN ,

is the scattered flux , 1D is direct flux and B is the build—up term.

The scattered fluxes as a function of time are generated by POLICE for

orh.~r wavelengths in this manner. The results are then compared with

the scattered flux data generated from the interpolated curve—fit

coefficients. If the comparison is acceptable , then the interpolated

curve—fit coefficients are output. If the comparison is not acceptable ,

the scattered fluxes generated with the build—up factors are retained

for curve fitting.

Three separate criteria for accepting interpolated curve—fit

coefficients are input to POLICE : 1) the minimum ratio , 2) the maximum

ratio, and 3) the mean ratio of the data when considered collectively

over the time base. Should any criteria not be met , the data as inter-

polated from the standard data evaluated on the time base will be

retained for curve fitting with the use of the CFIT or DFIT procedures.

6.2 Checkout of the TMTAU, TMTRFO1 and POLYN Procedures

An exacting checkout of the TMTAU, TMTRFO1 and POLYN procedures

has been performed to insure proper operation of the procedures and to

establish the precision of the results obtained from the three computer

procedures. POLYN is an improved version of the POLY procedure.

TMTRFO1 and POLYN have been established at AFTAC on the disk pack TF2PAK

under RRACODES. The checkout of the convolution codes was performed by

comparing program results w ith analytic solution results. The compari-

sons showed good agreement , even with a nonrealistic source term.

A fictitious source s(X,t) was def ined as

s(X,t) a
0 

X
2 
e
a
l
t

where a
0 

= 3 and a
1 

= 1O4. A fictitious transmission term I(A ,x) was

defined as

-a 1X
I(A ,x) =
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where a
0 
= 5 and a

1 
= 10~ . The convolution integral is defined by

T

T
1
(t) F

2
(’r— t)dt.

0

If F
1
(t) is the wavelength and time—dependent source term S(X,t)

and F
2
(T t) is the atmospheric transmission term I(X,T—t),

then the convolution process becomes

T

M(A ,T) = S(X,t)

0

which for this comparison results in

a a  r - aT  —~~~T
M(X , T) ~~~~~~~~~~~~~ ~ A 3 L e 1 

—e 1

~~ 
a
1,

Assuming a detector response R(X) such tha t

R(X) = 1: < A <

and R(A) = 0: elsewhere ,

integration over wavelength yields the detected signal

D (T) = ~~ ~~ 

[x~ 
- ~ [e~~ 1

T 
_e~~1j

For check—out purposes , A 1 
E .4278 microns , A2 

E 1.07 microns , thus

r -10
4
T —105T

D(T) 5.322X10 5 Le —e

which has a maximum of 3.71X10
5 at 25.6 psec . The results of the analytic

solution are shown as a continuous curve in Fig . 20. The discrete results
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of TMTAU and TMTRFO1 are plotted at the evaluated times; POLYN results are

plotted at the logarithmic mean times on the same graph. No direct radiation

contribution was assumed in the calculations . Results from each of the three

comnuter procedures are shown only where the discrepancy between the analytic

solution and the results from each procedure were noticeable. Apparent

errors in the results from TMTAU, TMTRFO1 , and POLYN for early t tmes can be

explained by the differences in input data for those codes. ThT~e~ was run

with the source defined for times l0~~ < t < l0~~ . TMTRFO1 and POLYN were

run with the source defined for times 10
6 

< t < lO s
. Since the convolution

integral as evaluated above had a lower time limit of zero, any other lower

bound will introduce an error. That error is apparent when the integral

M’ (X ,T) S( A ,t) I (X ,T-t)dt

is evaluated and compared to the convolution solution for a lower time bound

of 0.0. The results are:

M(A ,T) =(:-a ) x 3 [e
_a

l
T _e~~T1

1 1

a a [ —a T —a T (a —a )T
M ’(X ,T) °—~~--—— ~~ e 1 — e  1 e 1 1 0

(a
1
—a
1
) L

where the vanishing error is e . The error is vanishing since

— a
1

T —a
1
r —a

1
T —a

1
T (cz~—a 1 ) T

0 
—a

1
T

e — e  ~~~e —e e ~~e for — = 1 0 ,a1
T0 

< T and a1T > 5. A run of TMTRFO1 for times 10
8 

< t < lO~~ resulted i:~ - -

absolute error of less than .05% at one microsecond . A con’parison of the

POLYN and TMTRFO1 results for times 10 6 
< t < 10 and the analytic fnr~~ I I

M’ (A ,T) = S(A ,t) I(X,t-t)dt,
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where T
0 

10 6
, is shown in Fig. 21. The variance between the TMTAU ,

TMTRFO1 and POLYN results and the analytic results is only aesthetically

unpleasing since it will only be apparent in sources which have signi-

ficant values at zero source time. This, of course , does not occur in

realistic sources and , as evidenced by the TMTRFO1 results where the

times were 10 8 
< t < i0 3

; the procedure results can adequately define

the convolution process if the parametric data adequately defines the

source and transmission.

One of the basic uncertainties in the use of TMTAU has been in

the results of the integration over wavelength at a given time which was

based on the use of source and atmospheric transport data for only three

wavelengths , 0.4278 pm , 0.75 pm , and 1.07 pm. This uncertainty resulted

in the development -~f the TNTRFO1 procedure which uses curve—fit coeff i—

c i -  - ~s data for more than three wavelengths in the convolution integral .

The uncertainty in the TMTAU data has also resulted in a renewed interest

in the POLYN procedure which also has the capability of doing the convo—

lution integral for more than three wavelengths.

The TMTRFO 1 procedure differs from TMTAU only in that it provides

for the use of more than three wavelengths . The wavelength dependence

of the power at the detector at a given time is expressed in terms of

the function

(a1
(t) + a2 (t) A + a

3
(t) A

2 
+ a An)

P(t ,A) = e n

in TMTRFO1 where n is the number of wavelengths for which the source and

atmospheric transmission data are defined . The integral over wavelength

is then evaluated numerically with use of the equat ion

28
P(t) = ~ P(t ,A~) R(A 1

)&~
i=1

in both codes with an integration interval of AX = (X —X~)/28 where
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and A~ are the upper and lower bounds of the wavelength range (A =

1.1 pm and A~ = 0.40 pm) and the A 1 are the midpoints of each of the

28 subintervals in wavelength into which the interval A —A is divided .u~~~
In POLYN the integration is performed over wavelength using ~A values

input for each wavelength for which the receiver response data are input .

A test problem was run the POLYN and TMTRFO1 codes using trans-

mission data obtained by interpolation for 14 wavelengths from the curve—

fit coefficient data for the 40—km meteorological range atmosphere at

A 0.4278 pm, 0.75 pm , and 1.07 pm. The RADFLO source term for a 2—ICr

source at 0.1—km altitude with the silicon response function (Fig. 9)

for the detector response was also used . The wavelength dependence of

the power at the detector at satellite altitude (35800 km) for a look

angle of 00 as computed by each of the convolution codes is given in

Tables XVII, XVIII, and XIX for retarded times of 128.6 psec, 5.984 msec,

and 52.64 msec , respectively. The data given in Tables XVII, XVIII, and
XIX f or the TMTAU procedure were obtained from evaluation of the equation

(a
1(t) + a

2
(t)A + a

3
(t)X

2
)

P(t) = e

where the a
i 

coefficients were obtained from the TMTAU output for the

indicated times . The a
~ 

coefficients were fitted to the TMTAU results

for wavelengths of 0.4278, 0.75, and 1.07 u. Also shown in the tables

is the integral over wavelengths for each of these times. It is noted

that POLYN and TMTRFO1 produce results as a function of wavelength that

differ mainly only in the second digit at the times shown. It is ii ted

that the wavelength dependence of the power as given by TMTAU d i~ f~ r~.

significantly from that given by POLYN and TMTRFO1. The times I~~ u l

Tables XVII, XVIII , and XIX represent times near fIrst maxi m - . - m l - - -

and second maximum of the power history curve. The ratios ~ -

TMTRFO 1 and TMTAU to TMTRFO1 for the integral over wave1 -~
times are shown in Table XX.
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TABLE XVII. CONVOLUTION INTEGRAL AS A FUNCTION OF WAVELENGTh
AT A TINE OF 128.6 ~.isec

POWER (watts/cm2—1.1)

Wavelength TMTRFO1 POLYN ThTAU
(microns)

.4278 1.847+2 1.860+2 1.793+2

.4675 4.156+2 4.249+2 2.400+2

.5052 5.497+2 5.660+2 2.998+2

.5476 3.792+2 3.9151-2 3.617+2

.5983 4.525+2 4.654+2 4.144+2

.6539 3.213+2 3.278+2 4.311+2

.7085 3.609+2 3.648+2 4.007+2

.7693 2.239+2 2.243+2 3.241+2

.8364 2.463+2 2.453+2 2.187+2

.9004 9.058+1 8.988+1 1.2854-2

.9613 9.112+1 9.066+1 6.728+1
1.0059 6.638+1 6.626+1 3.837+1
1.0400 3.803+1 3.816+1 2.376+1
1.0700 1.555+1 1.568+1 1.504+1

Integral (watts/cm2) 1.651+2 1.752+2 1.70+2

79



TABLE XVIII. CONVOLUTION INTEGRAL AS A FUN CTION OF WAVELENGTH
AT A TIME OF 5.984 insec

POWER (watts/cm2—p)

Wavelength
(microns) TNTRFO1 POLYN ThTAU

.4278 3.715+0 3.812+0 3.572+0

.4675 8.309+0 8.663+0 5.760+0

.5052 1.093+1 1.148+1 8.614+0

.5476 1.950+1 1.978+1 1.277+1

.5983 2.312+1 2.336+1 1.881+1

.6539 3.234+1 3.172+1 2.595+1

.7085 3.615+1 3.502+1 3.203+1

.7693 4.745+1 4.469+1 3.582+1

.8364 5.204+1 4.872+1 3.487+1

.9004 2.823+1 2.618+1 2.935+1

.9613 2.836+1 2.634+1 2.181+1
1.0059 4.050+1 3.7604-1 1.615+1

F 1.0400 2.318+1 2.162+1 1.225+1.
1.0700 9.466+0 8.874+0 9.291+0

Integral (watts/cm 2
) 1.941+1 1.855+1 1. 51+1
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TABLE XIX. CONVOLUTION INTEGRAL AS A FUNCTION OF WAVELENGTH
AT A TIME OF 52.64 msec

POWER (watts/cm 2—11)

Wavelength
(microns) TMTRFO1 POLYN THTAU

.4278 3.368+2 3.315+2 3.279+2

.4675 7.534+2 7.5354-2 4.433+2

.5052 9.912+2 9.990+2 5.615+2

.5476 8.032+2 8.137+2 6.9104-2

.5983 9.524+2 9.609+2 8.171+2

.6539 7.164+2 7.155+2 8.875+2

.7085 8.007+2 7.899+2 8.685+2

.7693 4.882+2 4.7604-2 7.519+2

.8364 5.352+2 5.189+2 5.538+2

.9004 2.402+2 2.323+2 3.584+2

.9613 2.412+2 2.337+2 2.080+2
1.0059 2.414+2 2.358+2 1.288+2
1.0400 1.382+2 1.356+2 8.533+1
1.0700 5.641+1 5.565+1 5.746+1

Integral (watts/cm2) 3.540+2 3.656+2 3.62+2

TABLE XX. RATIO OF THE INTEGRAL OVER WAVELENGTH AS GIVEN BY
THE POLYN AND TMTAU CODES TO THA~T GIVEN BY TMTRFO1
CODE FOR TIMES OF 128.6 usec, 5.984 meec, and 52.64
meec

TIME POLYN /TMTRFOI TMTAU1TMTRFO1 -

128.6 psec 1.061 1.030
5.984 msec .9557 .778
52.64 msec 1.033 1.022
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A comparison of the time histories of the power at the detector

as given by the POLYN, TMTRFO1, TMTAU codes is given in Table XXI. Con-

sidering the differences in the methods used in each code, there is

reasonably good agreement between the results of the three codes. (Note

that the powers as given by POLYN and ThTRFO1 have to be divided by a
factor of iol0 to put them in the same units as that given by ThTAU.)

In light of the results given in Tables XVII through XXI, it is suggested

that POLYN or TNTRFO1 be used in the future instead of TMTAU to avoid
the uncertainties in the wavelength integral for each time when only

three wavelengths are used to represent both the source and atmosphere
transmission data.

6.3 Conversion of TMTAU Calculations for Synchronous Satellite
Altitude to Other Satellite Altitudes

POLO calculations were run to determine if the time—dependent

scattered fluxes at receiver altitudes of 20186.8 tan and 93621.626 km
could be determined from the calculations run for a detector altitude

of 35800 kin. The POLO calculations were run for a 0.75 i.i wavelength

point isotropic source positioned at a height of 0.5 km above the

ground. The ground—level meteorological range was 25 km. Receivers

were positioned at altitudes of 20186.8 kin, 35800 tan, and 93621.626

km. Scattered fluxes as a function of time after arrival of the direct

flux were computed for 50 time intervals between 0 and l.0X10 3 seconds.

The detectors were positiomv%d for each detector altitude at polar angles,

8SL’ between a radial through the source and the line connecting the

source and receiver, of 0, 30, 60, and 90 degrees. The POLO geometry

is shown in Fig. 22. RL, Rs, and R.~ are the distances from the source
to the satellite altitudes of 20186.8 kin, 35800 lan, and 93621.626 kin,

respectively, in the direction denoted by 0
~L

• The angle between the

source—receiver axis and the earth radial through the satellite is

denoted as 8. The uncollided flux at each receiver for a unit point

isotropic source is given by the expression,
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TABLE XXI. COMPARISON OF POLYN , THTRFO1 AND TMTAU
CALCULATIONS

POWER (watts/cm 2)

TIME POLYN* lxrRFol* ThTAU
SECONDS

3.260E•06 .000E 00
6.392E 06 1.~~t9E 00 _i~~~~ E O P _ .  i . 11~E - 1O
7.870E O6 1.320E 00 1.23O~_ .OO_ 1.21E-tO
1.292E’05 1.275E 00 t.1~9~~_~~O _ 1.1 8F-1O
j.~~~5E.05 l.562E 00 _j~860E

_00_ i.90E-1O
a.1’,0E 05 2.236E 00 ..J! QL~L_ 2.53E-1O
1.O O6E•05 4 .i~~ 5E 00 _~~~~5~~t _~~Q~~ 

6 . 7 8 E - i f l
3.2 8 9E’.OS 7 .4~~1E 00 J .463~~~OO 7 . 4 9 E -j O
~ .7lp 1,~~a05 1.0 02E  01 ii~~7~~L~~i~~ 

1.I 1 E- 0 9
l~.30i,E .05 2.091E 01 3~ 26~j.01 

2 . 9 6 E 09
l~.7~p8~ •05 3~~909E 01 1p e 7 2 4 C  01 4.87E 09

~,.9~ 0E~ 05 5.822E 01 7 .066E 01 7.82E-09
5,1~20E.05 8.588E 01 _~~~~~~~~~OL_ 1.11E-0 8
5s~~l,1E~~ 05 1.191E 02 t,31ttE O2 t .44E-~ 8
7.076E.O5 t.601E 02 _ 7 F ~ O~ 

j .82E-OA
7e 69~ E”05 t.d36E 02 t.7_~~~

_
~~2_~. 1.~~4E- OR

~.36oE.O5 1.8b~~E 02 t .7~~~~~O2 1.84E-08

~.0~ 2E.05 t.8~ 8E 02 i.769E 02 ~.,83E-OR
1.101E~ 01i i.818r. 02 j.700E 02 1.76E 08
1.191E”O# 1.776E 02 1.6~ 3E 02 

t.74F-08
1.286Es04 1.752E 02 1.65tE 02 1.70E-08
2 .5 5 9 E~~0* 1.685E 02 1.557E oa 1.60E-08
2.847E~ 04 1.5~ 1E 02 1.~~6~~~ O2~~ j.51E-08
2.lli1E O4I t.453E 02 1.303E 02 j.34E-OB
2.40~ E~ 04 j.340E 02 1u223E 02 1.26E-08
2.676E•O4 1.250E 02 tsi44~ 2_ 1.i7E-08
2.~~39E~ O’~ 1.170E 0? t.07~~~~ L 1.1IE- O8
3.206E—04~ 1.127E 02 t.052E 02 i.08E-08
3. 1p73E ..04 1.106E 02 t .035E 02 1.0 6 E - 0 8
3.7’,QE~ 04 1.032E 02 9’ OL . 9,41E-09
li.007E.04 9.704E 01 9.217E 01 9.43E-09
de.407E1.0Ip 9.186E 01 8.13ff 0~~_ 8 . 3 1E 09
l..67,E.04 8.362E 01 ii693L.0L. 7.55E— 09
5.3~ 2E 04 7.oo7E 01 6.851E 01 6.94iE-09
6.00~ E”04 6 . ipb 6E  01 j

~~~7~~
Qj_ 5.58E—09

6.675E .04 5 s6~~7E 01 5 .3 l OE Ot 5.1~~~-(~q7. 34 2 E — 0 4 5 .2 6 7E  01 4 .13f f  01 4 . 7 6 E - 0 9
~.00~E.04 ‘p . 8 t ~4E 01 4 .5~~~~ Ot 4.58E-09
9.3~ 1E•0’p ‘.‘550E 01 __

~~ j 4 7t 0~~~ 4.16E-09
1.067E~ 03 ‘i.331E 01 _~it.39E~Oi_ 4.14E— C4 9
1.201E 03 ‘p.381E 01 4.25*E 01 4.25E-09
1.33,E.03 4.314E 0~ ‘i. 0t7~ 01 4 .O 1E—O Q
1.600E~ 03 ‘g.035E 01 3’737E 01 3,71E-09
1.$66E 03 3.o9ff 01, ..1!363E QL 3.3 1F-CJ Q
2~’23JE”03 3.278E 01 2 .959E 01 

- 
2.8qE-09

2.3~ 9E 03 2.870E Ot 2.596E 01 2.4aE-c~92.66bE~ 03 2.509E 01 a.~~iE Oi 2.13E-ng
2.931E’O3 2.259E 01 ~~~~~j~~~0j 1.95E-O9
3.191E”03 2.t3OE 01 ~~~~~~~ 

- j .R4E-09
3 . 462 E— O 3 2.Q3IE 01 9~iE Ot 1. .73E-uc

~‘7~~ E Q 3  1.9~ 9E 01 i~856E Ot~ 1.66E-Oc

* POLYN and TMTRFO1 results are 1010 X POWER



TABLE XXI. (Continued)

POWER (watts/cm 2)
- 

TIME POLYN* ThITRFO1* ThITAU
SECOND S

3.99~ E O 3 t.~~97E 01 1.839E 01 j . 5 9 E - c , 9
4 ,~~~2E.03 t .~~4 9E 01 ~~~~~~~~~~~~~~~ 1. 5 4 E - 0 9
~~~~~~~~~~ 1s~~33E 01 j  4 _O4~~~ i . 5 2 E — 0 9
5.321E 03 1.~~02E 01 t7i~LOi 1. 4 1F-0 9
5 .9b4E ’03 1.gbSf 01 t.941E 01 

- 1.51. E - 09
6.6 1p7E .O3 2 .068E 01. _ Z ~ 2Pi~~~0L j . 7 1E - 0 9
7 . 3 I QE — 03 2 .28~~E 01 2.37oE 01 t .8bE-09
7.972E 03 2 .791E 01 ~~~~~ 0E  2 . 6 9 E- 0 9
~ .2~~6E~~03 3.61ff 01 __ 3~~943E 01 3 . 2 7 E - O 9
1.062E ~~02 4.627E 01 5.252E Ot~~~~ 4.61E—0 9
1.194E•02 6 .187E 01 6.953E 01 6 . 3 9 E - 0 9
t.326E 02 8s0~ 6E 01 8.b6oE Ot 8.46E-09
1.5~~0E.02 1.Obo E 02 1 . ISI .E 02 i . 15 E -0 8
t .~~54E 02 1.426E 02 _~~y57~9E~~ 2 1.56E-08
2 .11bE 02 1.815E 02 1.9 12E 02 t.93E-08
2.3~ 1E 02 2.152E 02 2.20ff 02 2.23E-O8
2 .6 Ip 4 E~~02 2 s 4 3 6~ 02 2.45 1C 02 2 . 5 0 E - O R
3 . 169E ’02 2 . 7 6 7 E  02 , 2 .832E_02 2 . 8 9 E — O 8
3.432E 02 3.0~ 6E 02 2.~~99E 02 3.07E-O8
3 .694E 02 3 .225E 02 3.153E 02 3.23E-08
3.956E 02 3.364E 32 3.26 1E 02 —

4 .34ff 02 3.485E 32 _3~~~~ 1E _02~~~~ 3. 4 6 E — f l 8
*.611E~ 02 3.572E 02 3~~4 ?7E O? 3 .5 1E - 0 8
5.2~~ip~~.O2 3.6t~6E 02 3 540E 02 3.62E 08
5.~~17E ’02 3.74~ E 02 

_ _3.598E 02 3.68E-08
6.~~69E’02 3.7~~ E 02 

3.5ó~ E02 3.64E-08
7.220E.0a 3i651E 02 ~~

.
~~~~E 9_2 3.48E-08

7.~~70E.’02 3.,24E 02 3.t42E O2 3.20E-OA
9.168E.02 2 .a49~ 02 2 .4 12E 02 2 . 3 5 E - 0 8
t.O46E.O1 2.130E 02 • _.i! E 0 2  

— 1 . 6 0 E — f l B
1 .t 7b E 01 1.63ff 02 J_ 4 ~

_ Q~~~~ i . 1 5 E- f l 8
1.30 5~~.01 1.346E 02 J!~~~E!L .. . 9 . 0 9 E — 0 9
1.5bbE— 01 1.0~~ E 02 9i _QL .~~ 6 .3 5 E - 0 9
t.6~ sE~ 0t 8.~,’.0E 01 _ 1~915.E 01 5 . 5 1 E — o Q
1.~~27E•01 7.364E 01 6.972j~~L ... . 4.87E—0 9
1.9~~?E 01 6.~~95E 01 ê.~L5LOL .. 4.3bE-09
2 .2 1bE~~01 5.ip9ff 01 .~~~ !4~LQL 3 . b f l E - 0 9
2.610C.01 4.356E 01. _

~! 1 L~~ 2 .9 1 E - 0 9
2.870E.0t 3.579E 01 .3.365E Ot 2.58E—09
3.t~ 1.E~ 01 3.119E 01 2.878E 01 2.31E 09
~.3~ 2E.01 2.77ff 01 _ 2~ 897E 01 2.13E— Qg
3.653E~ 01 2.~~91E 31 2.316E 01 1.95E-Cq
3.~~1’pE 01 2 .266 E  01 2.146E 01. 

— 

1.83F-09
4.30bE.O1 2.OblE 01 1.924~ 01. 1.66E-Qg
4.697E 01 1.ot2E 01 ~~~~~~~~~~~~ i .50E-Co
5.219E—0t 1.60ff 01 1.486E 01 1.36E-Oc
5.571E—01 1.427e 01 _~4t$~~Qi 1 . 2 4 E — f l ~

*POLYN and TMTRFO1 results are 1010 X POWER
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Fig. 22. POLO Geometry
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ID(R) e~~cos8/4irR
2

where p is the optical distance in the atmosphere along the path of

the direct radiation. Therefore, the uncollided flux at R
L 
in terms

of the uncollided flux at R
5 
is given by

2R s 
cos8

L
L
~

(R
L
) — —

~~
- I~ (R~) cos~~

This results from the fact that the atmospheric attenuation along the

path of the direct radiation in the atmosphere is the sane no matter
where the receiver is positioned above the atmosphere. The angles 8L’

are given by

8L 
= 0SL 0L’ ~S 

0SL 6S, 8V 
= 0SL 0

V

Table XXII lists the value of 0
L’ 

OS’ and Os,,, and 8L’ 8~ ’ and for
the three satellite altitudes when 0 , 30, 60 , and 90 degrees.

From the geometry, one can obtain the values of the quantities
R
~
cosBL

/R
~
cos8s 

and R
~
cosB

v
fR
~
cosB

s
. These values are listed in Table

XXIII as a function of the look angle 0
SL In each of the 50 retarded

time intervals , the ratios of the scattered fluxes that were computed

for the satellite altitude of 20186.8 km to that computed for the

satellite altitude of 35800 km were found to agree with the values of

the factors listed in Table XXIII for the first three significant digits

for the four differen t look angles. Similarly, the ratios of the scat-
tered fluxes as a function of retarded time for the satellite altitude

of 93621.626 to that for the satellite altitude of 35800 km were found

to also agree with the values listed in Table XXIII within the first

three significant figures. In fact , nearly all of the ratios computed

86

_ _  _ _ _  



TABLE XXII. VALUES OF 0L ’ 0V’ 8S’ 8L’ 8v’ AND 8s FOR EACH SATELLITE
ALTITUDE AS A FUNCTION OF 0SL

Altitude=20l86..8 km Altitude=9362l.626 km Altitude=35800 km
0SL 0L 8L 0V 8V 0s

(deg) (deg) (deg) (deg) (deg) (deg) (deg)

0 0 0 0 0 0 0

30 23.10437 6.89563 28.17228 1.82772 25.66327 4.33673

60 47 .99766 12 .0023 56.83321 3.16679 52.47412 7.52588

90 76.10626 13.8937 86.34269 3.65731 81.30145 8.69855

TABLE XXIII. FACTORS FOR CONVERTING DIRECT FLUXES FROM SYNCHRONOUS
SATELLITE ALTITUD E TO ALTITUDES OF 20186.8 KM AND
93621.626 KM

2 2 2 20SL R SCOSB L/RLc058S R scos$V /RVcosBs
A].tjtude=20186.8 km Altitude=9362l.626 km

0 3.145 0.1462

30 3.057 0.1500

60 2.833 0.1608
90 2 .567 0.1762
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for the scattered fluxes were found to differ by no more than 0.005 for

the sAtellite altitude of 20186.8 km and no more than 0.0005 for the

satellite altitude of 93621.626 km from the values listed in Table XXIII.

From the recul ts of the POLO calculations, it is concluded that

direct and tine—dependent scattered fluxes for satellite altitudes of

20186.8 km and 93621.626 km can be obtained with an error of less than

l.OZ from the data previously generated with POLO for a satellite alti-

tude of 35800 km (i~ef. 14). These data are stored on Tape No. 2696

(labeled POLODCBINE,DSN = POLOD) in the order shown in Table XXIV. The

cumulative distributions of the scattered fluxes were curve—fitted with

use of the expression,

T 
1<6 

—b .T i1~ —b . t—t )
Is(t)dt = K

1 
— a1e 

1 + K
2 

— a e ~ 
0

j i—l j a] .
0

where K1 maximum cumulated scattered flux from photons that have

not undergone ground reflection ,

K2 — maximum cumulated scattered f lux from photons that have

undergone both ground reflection and air scattering minus K1,

retarded t ime at which ground—reflected photons begin to

arr ive at the receiver ,

and a1, b1, aj~ and b~ are constants obtained by curve—fitting the cumu—

lative flux values . The curve—fit  coefficients for the synchronous

satellite altitude (35800 kin) are stored on Tape No. 801 (labeled
POLODCVFITSC ,DSN POLOFT) according to the sequence shown in Table

XXIV. The curve—fit data on Tape No. 801 are for look angles of 0
L8 

=

0, 30, 45 , 60 , 70 , 75 , 80 , and 90 0 .

To obtain a power history at satellite altitudes of 20186.8 km

or 93621.626 km for  a given source power history , it is suggested that

the POLO data on Tape No. 801 be used in the TMTAU procedure. The
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TABLE XXIV. SEQUENCE OF POLO OUTPUT DATA SETS STORED ON TAPE
NO. 2696 (l ABELED POLODCBINE, DSN — POLOD)

Met. Source Source
Sequence Problem Range Alt. Wavelength

No • No. (kin) (kin) (pm)

1 43031 3 0.001 0.4278
2 75031 3 0.001 0.75
3 107031 3 0.001 1.07
4 43032 3 0.5 0.4278
5 75032 3 0.5 0.75
6 107032 3 0~5 1.07
7 43033 3 3.0 0.4278
8 75033 3 3.0 0.75
9 107033 3 3.0 1.07
10 43034 3 10.0 0.4278
11 75034 3 10.0 0.75
12 107034 3 10.0 1.07
13 43101 10 0.001 0.4278
14 75101 10 0.001 0.75
15 107101 10 0.001 1.07
16 43102 10 0.5 0.4278
17 75102 10 0.5 0.75
18 107102 10 0.5 1.07
19 43103 10 3.0 0.4278
20 75103 10 3.0 0.75
21 107103 10 3.0 1.07
22 43104 10 10.0 0.4278
23 75104 10 10.0 0.75
24 107104 10 10.0 1.07
25 43251 25 0.001 0.4278
26 75251 25 0.001 0.75
27 107251 25 0.001 1.07
28 43252 25 0.5 0.4278
29 75252 25 0.5 0.75
30 107252 25 0.5 1.07
31 43253 25 3.0 0.4278
32 75253 25 3.0 0.75
33 107253 25 3.0 1.07
34 43254 25 10.0 0.4278
35 75254 25 10.0 0.75
36 107254 25 10.0 1.07
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results so obtained from TMTAU for a satellite altitude of 35800 km can

then be converted to either the 20186.8 km or 93621.626 km satellite

altitudes with the use of the correction factors listed in Table XXV.

It must be pointed out that only the angle 0
8L 

remains a constant when
converting data for a satellite altitude of 35800 km to other satellite

altitudes; that is, the look angles O~~ and 0LV are different for each
source altitude and look angle 0

L8 
used in the POLO calculations.

An examination of Table XXV reveals that the correction fac tors
and look angles for each satellite altitude (2O186~ i and 93621.626 km)
do not vary significantly with source altitude. It app~ars for all
source altitudes that one can assume that 0LS °LL 0LV and the
correction factors as a function of 0LS for a source altitude of 3.0 km
can be used for all source altitudes without introducing any significant

error in the results obtained.
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TABLE XXV . FACTORS FOR CONVERTING TMTAU AND POLO CALCULATIONS FOR A

SATELLITE ALTITUDE OF 35800 KM TO SATELLITE ALTITUDES OF
20186.8 KM AND 93621.626 KM

Source 35800km to 20186.8km 35800km to 93621.626km
Height 0LS O~~~(deg ) FACTOR OLV (deg) FACTOR
(kin)

0.001 0 0.00000 3.14520 0.00000 0.146224
30 29.99999 3.05705 30.00000 0.150050
45 44.99999 2.95672 45.00000 0.154675
60 59.99999 2.83285 60.00000 0.160832
70 69.99999 2.74374 70.00000 0.165619
75 74.99999 2.69870 75.00000 0.168169
80 79.99999 2.65396 80.00000 0.170798
90 89.99999 2.56699 90.00000 0.176214

0.5 0 0.00000 3.14527 0.00000 0.146216
30 29.99971 3.05711 30.00024 0.150048
45 44.99960 2.95676 45.00033 0.154674
60 59.99955 2.83288 60.00038 0.160831
70 69.99954 2.74376 70.00040 0.165618
75 74.99954 2.69872 75.00041 0.168168
80 79.99955 2.65397 80.00041 0.170798
90 89.99820 2.56702 90.00097 0.176215

3.0 0 0.00000 3.14560 0.00000 0.146209
30 29.99823 3.05738 30.00144 0.150037
45 44.99764 2.95698 45.00197 0.154665
60 59.99732 2.83302 60.00231 0.160825
70 69.99727 2.74385 70.00243 0.165614
75 74.99728 2.69879 75.00245 0.168166
80 79.99732 2.65402 80.00245 0.170796
90 89.98921 2.65672 90.00584 0.176218

10.0 0 0.00000 3.14656 0.00000 0.146174
30 29.99410 3.05817 30.00481 0.150007
45 44.99213 2.95758 45.00658 0.154641
60 59.99108 2.83342 60.00771 0.160809
70 69.99089 2.74411 70.00809 0.165604
75 74.99093 2.6989& 75.00817 0.168158
80 79.99106 2.65415 80.00818 0.170792
90 89.96404 2.56764 90.01948 0.176227
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VII. ThERMAL RADIATION TRANSPORT IN CLOUDY ATMOSPHERES

A series of POLO Monte Carlo calculations were run during the

reporting period to study the effects of cloud layers on the time—

dependent transr - . .t  of the radiation emitted from point isotropic

sources to detecto:s positioned at synchronous satellite altitude.

The model atmosphere used in the Monte Carlo calculations had

a ground—level meteorological range of 10 km. The size distribution

used to characterize the aerosols was the Haze C distribution (Ref. 17)

for continental haze. POLO problems were run for two different cloud

models. In the first POLO problems, a 3tratus cloud with an optical

thickness of approximately 14 mean—free—paths at all wavelengths was

positioned between 0.5 km and 1.0 km altitude. In the next set of

POLO problems, an altostratus cloud layer with approximately a “0

mean—free—path thickness at all wavelengths was positioned between

3 kin and 4 kin altitude.

The particle size dist ribution N(r)  used to describe the cloud
models is given by the equation (Ref. 21)

a -Br~
’

N(r)=Ar e

The total number N0 of par ticles per cm3 is given by integrating the
size distribution over all radii. If one assumes that r = 0 andmm
r =

~~~~, thenmax

- 

Ar(~±1)
N0 — = j N(r)dr

where r(x) is the gamma function. If N
0, a, B , and y are known , then

A can be determined from the above equation. For the stratus cloud:

a = 3, B = 0.666 , y — 1, N
0 

250, and the size range was 0.4 to 30 pm.
For the altostratus cloud: a = 5, B 1.111 , y — 1, N0 — 400, and the
size range was 0.2 to 18 pm. The droplets for each model were assumed
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tc’. be water. The Index of refraction for water at the wavelengths

used in the POLO calculations was taken from Ref. 22.

Point isotropic sources were positioned at altitudes of 0.1,

0.5, 3, and 10 km. The POLO problems were run for source wavelengths

of 0.4278, 0.75, and 1.07 microns. Detectors were positioned at

satellite look angles of 0, 45, 75, and 90 degrees. The ground surface

was assumed to be a Lambert reflector. The cloud layer was taken to be

a scattering medium and not as a reflection surface. The POLO calcula—

tions were run for a satellite altitude of 35800 kin.

The POLO—computed direct and time—dependent scattered fluxes

at each detector position were convoluted with a RADFLO—calculated

time and wavelength source for a wide—band silicon detector using the

POLY procedure. The detector response function u~ed in the POLY cal-

culations is shown in Fig. 9.

Figure 23 shows the source—receiver geometry used in the POLO

procedure. The satellite look angle, °l! 
is def ined as the angle

between the radial through the source position and a line connecting

the subsource point and the satellite position.

The tine—integrated scattered fluxes at the satellite for a
ground albedo of 0.8 and look angles °L 

of 0, 45 , 75 , and 90 degrees
are shown in Figs. 24 — 26 and 27 — 29 as a function of source heigh t

for an atmosphere containing a stratus cloud layer and an atmosphere

containing an altostratus cloud layer , respectively.

For source altitudes both below and above the cloud , the POLO

procedure followed photons as they underwent collisions within the

cloud. For source altitudes above the clouds, tne results of the

POLO calculations showed that the scattered flux at the “.stellite was

not dependent on the magnitude of the ground albedo. When the source

was below the cloud, the scattered flux at the satellite was highly

dependent on the magnitude of the ground albedo.

The cumulated scattered flux at the satellite position as a

function of retarded time for a source height of 0.1 kin, a ground

albedo of 0.0 and a wavelength of 0.4278 microns is shown in Fig. 30

_ _ _  
.
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for each satellite look angle when the atmosphere contained the low—

altitude stratus cloud. Retarded time is defined as the time after the

arrival of the direct radiation at which the scattered radiation reaches

the receiver. It is seen that the cumulated scattered flux for a look

angle of 0° increases rapidly with retarded time until a retarded time

of approximately 10 Msec after which there is very little increase in

the cumulated flux. With an increase in the satellite look angle, the

scattered flux starts to arrive at later retarded times. Similar results

were obtained for other wavelengths and for sources positioned below the

bottom of the cloud.

When the source altitude is above the top of the cloud layer,
then the cumulated distributions of the scattered flux vs retarded time

for look angles of 0, 45, 75, and 90 degrees and all source wavelengths

are similar to that shown in Fig. 31 for the 0.4278—micron wavelength

source at 10—1cm altitude in the atmosphere containing the low—altitude

stratus cloud layer.

The detectable power at the satellite vs retarded time for times

up to approximately first maximum is shown in Fig. 32 for a 2—KT event

at 0.1—km altitude in the model atmosphere containing the stratus cloud

layer. The curves shown are for satellite view angles of 0°, 45°, 75°,
and 90° and for a ground albedo of 0.0.

Increasing the source height results in an increase in the

detectable power with the increase being dependent on the satellite look

angle. This dependence is shown in Figs. 33, 34 , and 35 for source
heights of 0.5, 3, and 10 kin , respectively. Similar data for the model

atmosphere containing the altostratus cloud layer are shown in the

Figs. 36, 37 , 38, and 39 when the ground albedo is 0.0. Note that the

curves for look angles of 0°, 45°, and 75° are much closer together

when the source is above the top of the cloud .

The power that would be measured at the satellite was found to

be very dependent on the magnitude of the ground albedo when the source

was below the bottom of the cloud . When the source was above the top
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of the cloud layer , it was found that the detectable power was not

dependent on the magnitude of the ground albedo. Figure 40 shows the

variation of the detectable power with the ground albedo when the

source was at 0.1—km altitude in the model atmosphere containing the

altostratus cloud layer. The data shown are for satellite look angles

of 45 0 and 90°. For the 45° look angle, first maximum occurs at approxi—

mately 136 microseconds in retarded time. Justly slightly less than

1/2 of the power at first maximum is reached at a retarded time of

70 microseconds when the ground albedo is 0.0. Similarly, approxi-

mately 0.1 of the power at first maximum is reached at a retarded time

of 36.4 microseconds. It is seen for a look angle of 45° that the
fraction of the power detected at either a retarded time of 70 micro—

seconds or 36.4 microseconds does not vary significantly with an increase

in the ground albedo from 0 to 1.0. When the look angle is increased

to 90°, it is seen that the variation of the power at a retarded time

of 192 microseconds (first maximum for a ground albedo of 0.0) with

ground albedo is different from that observed at retarded times of

106 microseconds and 76 microseconds (“-‘1/2 max power and “.0.1 max power).

The retarded time at which first maximum occurs was found in general to

increase with an increase in the magnitude of the ground albedo. This

change in the retarded time of first maximum is also dependent on the

source height and the satellite look angle.

Table XXVI shows for each cloud type the detected power and

the retarded time at first maximum and the retarded time at which 0.1

the power at first maximum is reached for each source height and

satellite look angle. The data shown are for a ground albedo of 0.0.

When the source is positioned under a cloud layer, the retarded time

of first maximum tends to increase with look angle. The retarded time

at which 0.1 the power at first max imum is reached also tends to increase

with the look angle. When the source is above either cloud layer at

10—km altitude, the retarded time at which first maximum occurs tends

to decrease with an increase in the look angle and the time at which

0.1 of the power at first maximum occurs remains nearly co’tstant for

all look angles.
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An attempt was made to evaluate the angular and time distri—

butions of the scattered light as it exits from a cloud located above

a point isotropic source. Computer runs were made using the TPOLOL

procedure which gives the time and angular dependence of the scattered

light intensity at a set of point receivers. These runs were made for

the 10—km meteorological range model atmosphere containing a five mean—

free—path thick stratus cloud located between 500 and 1000 meters above

the ground surface. The point source was located at the lower boundary

of the cloul. An analysis of these TPOLOL runs showed that a very

large statistical variation exists in the results.

An example of the statistical variation is illustrated by

observing the angular distribution of the scattered intensity at the

receiver located at a look angle of zero degrees (detector located at

the top of the cloud directly above the source position). Since the

source emission and the atmosphere are azimuthally symmetric about the

source receiver axis, the scattered radiation signal at the detector

should also be azimuthally symmetric. Any variation in the calculated

scattered radiation signal with the azimuthal angle is then due to

statistical variations in the results. Figure 41 shows the scattered

intensity, integrated over time and polar angle, as a function of azi-

muthal angle for the receiver located at the zero—degree look angle.

Although 25,000 histories were run with an average of 37.769 collisions
per history , there are variations by as much as a factor of three in

the azimuthal distribution.

It was anticipated that the large statistical variations were

caused by the h r 2 
factor in the estimating function. The estimate

of the scattered intensity contributed by each collision is divided by

the square of the distance from the collision to the receiver position.

For a receiver located at the top of the cloud , a collision may occur

near the top of the cloud and thus produce extremely high estimates of

the scattered intensity. A problem, using the model atmosphere described

above, was run with the receivers located at a satellite position
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(35800 kilometers altitude) . The azimuthal distribution of the scattered

intensity obtained from that problem (multiplied by a factor of 10
10
) is

plotted in Fig. 42. Note that the variation in the azimuthal distribu-

t ion for the satellite receiver is much smaller than that computed for

the receiver at the top of the cloud. This is due to the fact that all

collisions in the cloud and surrounding atmosphere are approximately the

same relative distance from the satellite receiver and, therefore, the
variation in the h r

2 
factor for each estimate of the scattered intensity

is small.

The statistical variations in the time and spatial distributions

of the scattered intensities computed for point receivers located at the

cloud top were also found to be extremely large. Therefore, it was

decided that area receivers rather than point receiver should be used

to determine the time, angular , and spatial distributions of the scat-

tered intensity at the cloud top. An effort has been initiated to develop

a modified version of POLO that will utilize surface receivers instead of

point receivers to compute the time , angular, and spatial distributions

of the scattered intensity for radiation transport in atmosphere con-

taining clouds. It is believed that the use of surface receivers instead

of point receivers will reduce the statistical variation in the computed

scattered intensities for  receivers positioned within the atmosphere .
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VIII. DISCRETE ORDINATES USE IN TIME—DEPENDENT
LIGHT TRANSPORT CALCULATIONS

A study was initiated to determine the feasibility of using
time—dependent dis~ rete—ordinate methods for light transport in clouds.

The extremely forward peaked phase functions encountered in cloud

problems combined with the large optical thicknesses of clouds tend to

produce large statistical fluctuations in results obtained with the

Monte Carlo method . The initial effort to apply discrete ordinate

methods was an attempt to utilize the TDA (Time Dependent ANISN) Ref.

4) program distributed by the Radiation Shielding Information Center at

ORNL as code package CCC—l80.

TDA is a one—dimensionai code , i.e., plane or spherical geometry.

~4hile it is not possible to describe realistic cloudy atmospheres con-
taining a poin t isotrop ic light source with TDA, it is believed that a
successful application of TDA to light transport should precede applica—

tions of two—dimensional discrete ordinate methods such as the TWO—TIME

code currently undergoing checkout at LASL. The attempt to utilize the

TDA program for light transport has pinpointed several difficulties
that must be overcome before  discrete—ordinate methods can be successfully

applied tc’ time—dependent light transport problems.

in TDA it is essential that the spatial intervals and time

boundaries coincide such that as the wave front passes from one spatial

interval to the next, the age (time after source emission) of the wave

front is such as to put it in the center of the interval. Otherwise ,

the wave front becomes smeared over distance (and possibly time) and

resolution is lost. For an optimum discrete—ordinates solution , the

spatial intervals are usually selected to be less than one mean—free—path

in width . A f t e r  the required spatial interval values are calculated ,

the time required for the wave front to reach each spatial boundary is

calculated using the velocity of light. After the wave front leaves

the cloud , the spatial interval and time boundaries can be changed

(within reason) to suit the user ’s needs.
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The coefficients of an nth order Legendre polynomial are required

to define the scattering phase functions in the TDA program. The Legendre

polynomial coefficients for a given sized aerosol particle may be deter—

minted with combinations of the A and B scattering functions computed

with Mie theory (Ref. 20) as will be discussed later. However, the

expansion of the phase function for aerosols of the sizes typically

found in clouds may require Legendre polynomials of the order of 200 to

300 or more. TDA requires that the angular quadrature set contain at

least as many angle quadratures as there are coefficients in the Legendre

polynomial used to represent the scattering function. Use of quadratures

of this order in the TDA program introduces problems in allocating core

space and requires large amounts of computer time. It has also been

determined that no symmetric Gauss—Legendre quadrature would be adequate

(with a reasonable number of directions) to represent the peak portion

of the phase function.

Conununications with one of the authors of the TDA program indi-

cated that it may be feasible to modify the TDA program to read in a
precalculated set of quadratures and weights. In that case, a smaller

quadrature set can possibly be selected to adequately represent the

scattering phase function.

8.1 Expans-l~on of the MIE Phase Function in Legendre Polynomials

In applying results obtained from Mie theory to radiative transfer

calculations, it is necessary when using calculational methods such as

discrete ordinates to expand the phase function, P(cosO), in Legendre

polynomials :

P(cos0) = ~ ap (cosO)
n 0

where p (cosO) is the Legendre polynomial of order n.

Although it is possible to calculate the coefficients a by

numerical integration from the 
~l 

and i
2 
functions of Mie theory , a
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direct calculation of these coefficients from theory is more efficient.

Such a calculation scheme is provided in papers by Chu and Churchill
(Ref. 23), and by Clark et al. (Ref. 24). The calculations are effected

by the use of the Mie A and B scattering functions, and involve

coefficients labeled w and v which are functions only of the order n of

the Legendre polynomial and are independent of any other input.

Without discussing the methods of converting the Mie equations

to corresponding Legendre polynomial forms (see Refs. 23 and 24), we will

show and discuss the final f-~~~s of the Legendre solution giving the

Legendre coeff:Lc-Lents a by use of computer programs.

Equation (8.1) gives the solution of a
n
:

a = 
2
K(~~~) j=l k=l 

(l÷~~k) {

(2n+l) [i~~~
l÷ ÷1 _n

~~÷1J2

W
ikn

W
Jk~~ikn

V
JkJ 

(8.1)

~O for j~~~k45 . =

for j  = k (8.2)

W.k Re (A . )Re (A
k

) + Im (A )Im (A
K
) + Re(B .)R e (B

k
) + Im(B

j
)IIn(B

k
) (8.3)

V .k = Re (A
l

)R
~
(B
k

) + Im(A .) Im ( B
k
) + Re(B .)Re (A

k
) + Im(B

j
)Im(A

k
) (8.4)

where Re = real part of, Im = imaginary par t of , and A (c&,~~) and B ( a ,~~)

or (A
jIAk~

B
k
) are Mie scattering functions obtained with the MIE—2

computer code (!~~j. 20).
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The o:he-’ variables are:

= 2irRI/X (8.5)

RI = particle radius ( u )

A = wave length (i.i)

= ct(m—ik) (8.6)

m index of refract ion of particle relative to

the surrounding medium ,

k = extinction coefficient of the particle material.

K(ct,~~)= Tr (RI)2 (8.7)

a
ST scattering cross section

‘r ( R I ) 2 
= geome tric geome tric cross sect ion

T~e defin itions of w . and v . are given in terns of the recursion
jkn jkn

~ ~~cionships used to calculate them rather than the original equations

gi •~~i in Ref . 23.

— 
(n+l)

1- 1,n 
— 
(2n+1)(2n+3)’ (8.8)

_____ 
(j+k— n+l)(j+k+n+2) (8 9)

ku (‘+k—n+2 ) (j+ -.- n- 4 -3 )

~ j~~~ k1n = (~+k n+l j+k-n)(~-k+n)(k-j+n+1J (8 10)W ., (j+k4m)(j+k—n—l)( -k±n—i)(k—j+n+2)

~~~~~~ — n(n+l), (8.11)

k+ 1 (j+k~ r~~2)çj+k+n+3’
r (

~~~k - -~~1 ,(j+~ i ir 42 (8.12)

-n

Jii- ~: = ~~j jj-4-~ --n-l)ft+k+n-1)_(k-j+nj~~ (8.13)
V~ . ( _ -,- _ I ’4 ’ I +k—n~~(—k r~)(k—j+n+ )
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A computer procedure was developed to evaluate the Legendre

polynomial coefficients using Eq. (8.1). The portion of the MIE—Il

program (Ref. 20) which calculates the Mie scattering functions A~ and
B was incorporated into the program . The Legendre polynomial coeffi-

cients computed for several aerosol sizes were used to expand the

Legendre polynomials and those expansions compared with the phase

functions computed for the same sized aerosols with the MIE—Il program.

These comparisons indicate the Legendre polynomial coefficients com-

puted give an accurate definition of the phase function. The length of

the Legendre coefficient array (an) necessary to represent the phase

function appears to be on the order of 2cu~+2 where ~ = 2?Tr/X is the aerosol

size. Clouds typically have aerosols up to 20 to 30 microns in radius ;

thus , f or 0.5—micron wavelength 1L~ ht the size parameter could be as

large as 375 requiring a Leg~ndre polynomial of the order of 752.

Since the phase function for an aerosol size distribution

generally has ~ess structure than those for the individual aerosols ,

the number of combined coefficients for an aerosol size distribution

possibly will no t need to be as high as that required for the individual
size parameters.
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